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Abstract
Purpose of Review Hypertension is either a cause or a conse-
quence of the endothelial dysfunction and a major risk factor
for cardiovascular disease (CVD). In vitro and in vivo studies
established that microRNAs (miRNAs) are decisive for endo-
thelial cell gene expression and function in various patholog-
ical conditions associated with CVD.

This review provides an overview of the miRNA role in
controlling the key connections between endothelial dysfunc-
tion and hypertension.
Recent Findings Herein we summarize the present under-
standing of mechanisms underlying hypertension and its as-
sociated endothelial dysfunction as well as the miRNA role in
endothelial cells with accent on the modulation of renin-an-
giotensin-aldosterone-system, nitric oxide, oxidative stress
and on the control of vascular inflammation and angiogenesis
in relation to endothelial dysfunction in hypertension. In par-
ticular, latest insights in the identification of endothelial-
specific microRNAs and their targets are added to the under-
standing of miRNA significance in hypertension.
Summary This comprehensive knowledge of the role of
miRNAs in endothelial dysfunction and hypertension and of

molecular mechanisms proposed for miRNA actions may of-
fer novel diagnostic biomarkers and therapeutic targets for
controlling hypertension-associated endothelial dysfunction
and other cardiovascular complications.
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Introduction

Hypertension or high blood pressure represents one of the
most common complex disorders, affecting approximately
40 % of the world adult population, and 51 % of deaths result
from coronary artery disease and cerebrovascular disease [1].
World health statistics 2012 has estimated the prevalence of
hypertension to be 29.2 % in males and 24.8 % in females and
this is projected to increase to 1.5 billion worldwide by the
year 2025 [1]. The prevalence of hypertension enhances with
advancing age, so that approximately 90 % of people who are
non-hypertensive at 55 or 65 years will develop hypertension
by the age of 80–85 [2]. This disease affects countries across
all income groups, but the risk of death is higher in low- and
middle-income countries. In the industrialized countries, only
7 % of deaths caused by high blood pressure occur under age
60, whereas in the African Region this increases to 25 % [2].
Moreover, the epidemiological study of hypertension has in-
dicated that morbidity and mortality associated with hyperten-
sion is going to become a principal health challenge in the
twenty-first century [2].

In this context, it is important to point out that the main
characteristics of hypertensive patients are: (1) the endothelial
dysfunction caused by renal vasoconstriction induced by the
elevated uric acid levels; (2) augmented activity of the sym-
pathetic nervous system with increased release of, and
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amplified sensitivity to, catecholamines. These lead to further
activation of the renin-angiotensin-aldosterone-system
(RAAS), not only in kidney but also in other areas. The level
of renin, the same as salt and water retention, is improperly
elevated in most patients with chronic kidney disease (CKD).
In these patients, afferent impulses from the diseased kidney
and leptin accumulation have been suggested as possible
causes for increasing the activity of sympathetic nervous sys-
tem that also contributes to hypertension. Furthermore, the
endothelial dysfunction and chronic hyperparathyroidism that
enhance the sensitivity to calcium and catecholamines partic-
ipate to hypertension observed in CKD. In addition to men-
t ioned fac tors , hyper tens ion is assoc ia ted wi th
endocrinopathies like hyperthyroidism, hyperparathyroidism,
C u s h i n g s y n d r o m e , C o n n s y n d r o m e , a n d
phaeochromocytoma [3].

The discovery of microRNAs (miRNAs) has opened new
avenues for studying and understanding hypertension and
hypertension-associated endothelial dysfunction, featuring a
post-genomic era of biomedical research. These non-coding
regulatory RNA molecules of ∼22 nucleotides have emerged
as potential biomarkers, effectors, and targets for diagnosis,
prognosis, and therapy in hypertension. Lately, many studies
have been done on understanding miRNA biology and func-
tion. It seems that miRNAs play an important role in the reg-
ulation of almost every cellular process. Usually, a single
miRNA can interact with hundreds of mRNA molecules and
a specific mRNA molecule may be the target of multiple
miRNAs. Thus, miRNA-mRNA interactions may delineate
the complex regulatory networks with consequence on the
target gene expression and hence on the some biological pro-
cess. Additionally, the disruptions of miRNA regulation are
frequently associated with some pathological states including
hypertension-associated endothelial dysfunction.

Endothelial Dysfunction and Hypertension

High blood pressure is the result of elevation in either cardiac
output or peripheral vascular resistance, or both. While, the
cardiac output is determined by stroke volume and heart rate,
the peripheral resistance is controlled by smooth muscle cells
(SMCs) from small arteries and arterioles [3] (Fig. 1). A fall in
the blood pressure leads to stimulation of the sympathetic
nervous system and release of the adrenal medullary hor-
mones: adrenaline and noradrenaline. These lead to augment-
ed cardiac contractility and hence amplified cardiac output
and peripheral vascular resistance, in this way increasing
blood pressure. An increase in blood pressure causes en-
hanced vagal tone, leading to bradycardia and vasodilatation
[3].

On the other hand, elevated blood pressure results from
varying factors such as diet, genetics, race, lifestyle, size

(being overweight or obese), and combinations of these [2].
Hypertension, known as high blood pressure, may increase
the morbidity and mortality due to other diseases in the pres-
ence of other risk factors. For example, in obesity the patho-
genes i s o f hype r t ens ion i s complex invo lv ing
hyperinsulinemia and hyperleptinemia.

However, it is generally known that hypertension contrib-
utes significantly to cardiovascular disease (CVD) and in-
creases the rate of CVD mortality and morbidity.
Furthermore, the hypertension is strongly associated with en-
dothelial dysfunction, a phenotypical alteration of the vascular
endothelium that precedes the development of adverse cardio-
vascular events and prefigures a potential cardiovascular risk
[4]. Recent data also emphasize that alterations of the endo-
thelial phenotype constitute a pathogenic risk factor for sever-
al vascular diseases including atherosclerosis and future car-
diovascular events, but their role in hypertension less is
known [5••]. The evidence of an association between hyper-
tension and endothelial dysfunction is substantial and current
data suggest that they reinforce each other.

The vascular endothelium represents a dynamic cellular
interface between circulating blood and underlying tissue, act-
ing as an integrator and transducer of the humoral and me-
chanical stimuli [5••]. Thus, the vascular endothelium releases
two vasoconstrictor factors, such as endothelin 1 (ET-1) and
thromboxane A2 (TXA2), as well mediators of vasodilation,
such as nitric oxide (NO), prostacyclin, and the endothelium-
derived hyperpolarization factors (EDHF) [6]. A healthy en-
dothelium responds to stimuli continuously releasing potent
vasodilators, which have the potential to directly reduce the
vascular resistance.

The endothelial dysfunction is defined as the imbalance
between the production and bioavailability of endothelium-
derived relaxing factors and endothelium-derived contractile
factors. As we mentioned above, the endothelial dysfunction
is the hallmark of hypertension. The endothelial function can
be measurable in a reproducible, valid, and noninvasive man-
ner in hypertensive patients. In hypertensive patients, the vas-
cular endothelial dysfunction has been associated with the
reduction of NO release and uninhibited ET-1 mediated vaso-
constriction. Also, Widlansky and Harrison in their studies
have shown that increased vascular oxidative stress and vas-
cular inflammation are principal characteristics of endothelial
dysfunction, and are as well, implicated in the pathogenesis of
hypertension [7, 8].

As it is already known, the systemic blood pressure control
is ensured by metabolic and local nervous factors, and also by
the renal and central control of blood pressure which over-rule
local vascular factors. However, the systemic blood pressure
control is usually preserved in conditions associated with en-
dothelial dysfunction, such as hypercholesterolemia, even if
these may finally result in hypertension development. In par-
ticular, some studies have shown that the normalization of
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endothelial function does not seem to affect the blood pres-
sure. On the contrary, in our previous study, we have demon-
strated that the administration of an angiotensin II type 1 re-
ceptor (AT1R) blocker (irbesartan) has reduced the diastolic
and systolic blood pressure and heart rate and had a
vasorelaxant effect, improving the endothelial function to si-
multaneously hypertensive-hyperlipidemic hamsters [9].
These data suggest that the beneficial effect of the irbesartan
on endothelial function is not independent of blood pressure
lowering. In addition, this effect has been correlated with level
decreasing of microparticles (MPs) and level increasing of
endothelial progenitor cells (EPCs) in peripheral blood [9].
Also, in the experimental hypertension associated with hyper-
cholesterolemia, the transplantation with EPCs has signifi-
cantly diminished the systolic and diastolic blood pressure
and restored the vascular wall function, increasing the
endothelium-dependent vasodilation at acetylcholine [10].

Overall, to establish the relationships between endothelial
dysfunction and hypertension, it is imperative to get to know
and understand the involved mechanisms. Thus, several stud-
ies indicate the contribution of RAAS components, NO re-
lease, and reactive oxygen species (ROS) production to the
inflammatory and angiogenic responses of vascular endothe-
lium in hypertension and thereafter, to associated endothelial
dysfunction.

Renin-Angiotensin-Aldosterone-System and Endothelial
Dysfunction

The RAAS regulates a variety of physiological functions, such
as hemodynamic equilibrium, electrolyte balance, and circu-
lating volume [11]. Overactivation of the RAAS is central to

the pathogenesis of hypertension. As a hormone system,
RAAS contains several enzymes, peptides, and receptors
[12]. The RAAS cascade begins with the release of renin by
the juxtaglomerular apparatus of the kidney into circulation.
Although the major source of renin is the kidney, the RAAS is
widespread in the body. The RAAS cascade is activated when
renin converts angiotensinogen to angiotensin I (Ang I), a
weak bioactive decapeptide. Angiotensin-converting enzyme
(ACE) removes two amino acids from Ang I generating Ang
II, the main effector of RAAS. High Ang II concentrations
suppress the renin secretion via a negative feedback loop.
Thus, Ang II regulates the blood pressure, aldosterone release
by the adrenal cortex, renal sodium and water reabsorption,
and vasopressin secretion, and participates in cardiac and vas-
cular remodeling. It also stimulates the release of prostacyclin
and catecholamines [13]. Since Ang II is known as principal
biological effector, it seems to play a significant role in raising
blood pressure as well. In addition to its important role in
hypertension, the RAAS has another role in mediating vascu-
lar remodeling in neointimal hyperplasia after angioplasty and
atherosclerosis [14–16]. The Ang II is to induce vascular re-
modeling due to its effects on vascular SMC proliferation and
hypertrophy. The Ang II growth effects, proliferation versus
hypertrophy, are dependent on cell type and cell cycle regu-
lated genes [17]. The vasoconstrictive, proliferative, and pro-
inflammatory effects of Ang II are exerted mainly through
AT1R on endothelial cells (ECs) and SMC. In addition, Ang
II can bind to the angiotensin II type 2 receptor (AT2R), con-
sidered to be part of the protective arm of the RAAS that has
opposite effects to those of AT1R. Alternatively, Ang II can be
catabolized by ACE2 into Ang 1-7, another active peptide of
RAAS, which exhibits vasodilator and antiproliferative

Fig. 1 A suggested cascade of
the hypertension development:
the blood pressure relationship to
cardiac output and peripheral
vascular resistance
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properties, acting on the Mas receptor and counterbalancing
the actions of ACE/Ang II/AT1R signaling. In addition, ACE2
can cleave one amino acid fromAng I yielding Ang 1-9. Also,
Ang II can be degraded by aminopeptidases to form Ang III
(Ang 2-8) and Ang IV (Ang 3-8).

Overall, RAAS through its physiological effectors has a
key role in promoting oxidative stress, vascular inflammation,
and endothelial dysfunction [17].

Reactive Oxygen Species Production and Nitric Oxide
Release Influencing Endothelial Dysfunction

Emerging data implicate multiple sources of oxidative stress
in the pathogenesis of hypertension-related endothelial dys-
function [18]. It is well established that an important ROS
source is nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) activated by Ang II [19]. The sig-
naling pathway from Ang II to NOX induction and oxidative
stress is supported by several mechanisms. One of these in-
volves the cytochrome P450 1B1 (Cyp1B1) in the kidney,
which has action mediated in part by the estrogen metabolism
[20]. Additional sources for ROS production have been indi-
cated, such as follows: (i) the cyclooxygenase 2, which ex-
hibits an increased expression in small arteries isolated from
subcutaneous biopsies of patients with hypertension [21]; (ii)
the mitochondrial monoamine oxidase-A and mitochondrial
monoamine oxidase-B, which are induced in the mouse ves-
sels and generate the hydrogen peroxide (H2O2) sufficient to
reduce the endothelial NO release [22]; (iii) p66Shc [23].

In the vascular ECs, the NADPH oxidase represents the
main source of ROS. Recent data delineate that the endothelial
dysfunction is characterized by increase of the ROS bioavail-
ability and decrease of the antioxidant capacity characterized
as oxidative stress as well [6].

Also, increased production of the ROS has been correlated
with the vascular NO bioavailability impairment that induces
reduced endothelium-dependent relaxation. Many studies
highlight the key role of NO of central regulator of vascular
endothelial function and associate the loss of NO bioavailabil-
ity with the occurrence of endothelial dysfunction. This im-
portant vasorelaxant factor, NO, is produced by endothelial
NO synthases (eNOS) that has activity regulated by substrate,
cofactor availability, and electron transfer rate. The ROS gen-
eration can affect the regulating factors such as arginine [24]
and tetrahydrobiopterin [25] leading to dysfunctional eNOS.
Besides, ROS consumption leads to peroxynitrite (ONOO−)
and H2O2 formation, lower eNOS protein expression, or lack
of substrate or cofactor for eNOS [26, 27].

In the mesenteric arteries of spontaneously hypertensive
rats (SHR) have been found lower NO and higher H2O2 con-
centrations compared to arteries explanted from control rats
[28]. In addition, it has been shown that in hypertension the
eNOS could be uncoupled [29], and increased activity of

arginase in ECs of coronary arteries impairs the NO-
mediated dilation [30]. Moreover, in hypertension associated
with hypercholesterolemia, the protein expression of eNOS
has been found to be down-regulated, and endothelium-
dependent relaxation to acetylcholine reduced into mesenteric
resistance arteries [9]. Also, the exposure of carotid arteries
isolated from mice to increasing intraluminal pressure has
induced the concomitant decreases in endothelium-
dependent vasodilation to acetylcholine, rises in vascular su-
peroxide production and NOX activity [31]. Other studies
using small interfering RNA (siRNA) and suppression of
Rac-1 activity implicate overexpression of integrin-kinase 1
as a key first step in the mechanotransduction of hypertension-
induced vascular superoxide production through NADPH ox-
idase [4].

Inflammation and Endothelial Dysfunction

Alongside oxidative stress, the vascular inflammation is an
important characteristic of phenotypical endothelial dysfunc-
tion, and its reduction has been shown to reverse endothelial
dysfunction [32]. The endothelial dysfunction has been de-
scribed as a condition including not only the decrease of
endothelium-dependent vasodilation but also the inflammato-
ry activation of endothelium [33]. Inflammatory factors such
as cell adhesion molecules (CAM), tumor necrosis factor al-
pha (TNFα), interleukin-6 (IL-6), and C-reactive protein
(CRP) have major roles in mediating vascular inflammation.
Anyway, some of these inflammatory markers have been clin-
ically associated with CVD events. Interestingly, it has been
demonstrated that blocking RAAS negatively modulates the
levels of these inflammatory molecules [17].

Other several studies suggest that perivascular adipose tis-
sue and inflammation within adipose tissue play important
roles in regulating local and systemic vascular homeostasis.
Thus, it has been shown that the adipose tissue from hyper-
tensive rats applied to thoracic aorta segments failed to sup-
press phenylephrine-induced vasoconstriction, compared to
adipose tissue from normotensive animals [34]. Similarly,
obese and hypertensive rats with perivascular inflammation
have exhibited endothelial dysfunction [35], and obese pa-
tients with inflammation in visceral fat depots have also re-
vealed impaired endothelial function [36]. The mechanisms
by which the perivascular fat regulates the endothelial func-
tion in hypertension, as well as the relative impact on endo-
thelial function in humans of perivascular adipose tissue in-
flammation are little understood, and future investigations are
needed.

The endothelial function under hypertensive conditions is
regulated also by the elements of both innate and adaptive
immune responses. It has been shown that the activation of
innate immunity complement pathway may have negatively
impact on the vascular endothelial function [37], whereas
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increased anti-inflammatory IL-10 expression from the adap-
tive immune response reduces the adverse effects on endothe-
lial function in Ang II-associated hypertension [38].

In the experimental hypertension associated with hyper-
cholesterolemia, the endothelial dysfunction has been associ-
ated with the increase of pro-inflammatory cytokines [39], and
in patients with hypertension and dyslipidemia with altered
balance between the levels of endothelial regenerative cells
like EPCs and markers of endothelial injury like circulating
MPs [40].

All these data indicate that hypertension-associated endo-
thelial dysfunction is closely linked to local vascular inflam-
mation as well as to systemic inflammation.

Defective Angiogenesis and Endothelial Dysfunction

Angiogenesis is the principal mechanism of vascular remod-
eling in late development and during physiological processes
of organ growth and repair [41]. Perturbations of angiogenesis
occur in a lot of different pathological states including cancer,
diabetes, ischemia, and inflammation. Angiogenesis, known
also as developing of new capillaries from existing vascular
beds, is a complex process regulated by a controlled balance
of proangiogenic and antiangiogenic factors. Disturbance of
this balance generates multiple metastatic, ischemic, inflam-
matory, and immune disorders [42].

Vascular endothelial growth factors (VEGFs), in particular
VEGF-A, are implicated in the regulation of the processes
required for angiogenesis such as endothelial cell activation,
proliferation, migration, and tubule formation [43]. The tyro-
sine kinase receptor VEGFR2 (flk-1/KDR) is the main recep-
tor responsible for the biochemical effects of VEGF-A on cells
and is important for normal vascular development [44]. The
activation of VEGFR2 conducts to recruitment and activation
of numerous signaling molecules. Among these, there are two
mitogen-activated protein kinases (MAPK): p42/44 extracel-
lular signal-regulated kinase 1/2 (ERK1/2) involved in the
regulation of endothelial proliferation and p38 MAPK, one
of the key modulators of actin cytoskeleton remodeling re-
quired for migration [45].

Hypertension may be also an effect of structural and func-
tional alterations of the microvascular network growth
resulting in part from disorders in the regulation VEGF, one
of the angiogenic factors mostly known. The connection be-
tween hypertension, defective angiogenesis, and endothelial
dysfunction is convincing. With respect to this, recent inves-
tigations have established that ECs are essential players in the
expansion, preservation, and remodeling of vascular net-
works, maintaining in this way the vascular integrity, angio-
genesis, and wound repair [46, 47], and VEGF besides its role
in the migration and proliferation contribute to maintenance
and protection of ECs. In hypertension, an endothelium-
mediated pathogenic aspect is the loss of the function of

microvessels and defective angiogenesis in organs. The im-
pairment of angiogenesis can contribute to increased periph-
eral resistance and raised blood pressure and thus to hyperten-
sion. The disruption of the balance between proangiogenic
and antiangiogenic factors has been found in hypertensive
patients [48].

MicroRNAs and Endothelial Dysfunction in Relation
to Hypertension

MicroRNA Biogenesis and Function

miRNAs, small non-coding RNA molecules, are post-
transcriptional regulators of gene expression by their action
on target mRNAs controlling their translation and degrada-
tion, modulating in this way various cellular and developmen-
tal processes. In brief, two of the RNase III enzymes, Droshua
and Dicer, support the formation of small non-coding
miRNAs (≈22 nt) from their own genes or from introns. In a
first step, RNA polymerase II (Pol II) transcribes miRNA
genes into ample polyadenilated RNA molecules, called pri-
mary miRNAs (pri-miRNAs) [49]. Primary transcripts with
hairpin-shaped loop structure are subsequently endonucleolyt-
ic cleaved in nucleus by RNase III enzyme DROSHA associ-
ated with DiGeorge syndrome critical region 8 (DGCR8) and
other cofactors. New born hairpin-shaped double-stranded
precursors (pre-miRNAs) with ≈70 nt in length are next
exported into the cytoplasm by exportin-5 (XPO5) and Ran-
GTP action. Then, RNase III enzyme DICER and protein
TRBP crop the loops of pre-miRNAs, yielding ≈22 nt imper-
fect miRNA duplexes (miRNA-miRNA*). These double-
stranded products consist of functional mature miRNA guide
strand and the passenger miRNA* [50]. Only one strand of the
complex is in the end incorporated into the RNA-induced
silencing complex (RISC), while the other one is being de-
graded by key integrant parts of the complex, called Argonaut
(AGO) protein family [51]. After binding mature miRNA
strand, AGO recognizes a specific sequence most commonly
located in 3′untraslated regions (UTRs) of targeted mRNA,
therefore facilitating miRNA-mRNA imperfect association.
This kind of imperfect base pairing endorses the possibility
for a single miRNA to target numerous mRNAs. The interac-
tion of miRNAswith its target mRNAs leads to suppression of
protein expression mediated by mRNA degradation [52].
Even though the fate of a new miRNA depends mostly by
its genomic location, miRNA biogenesis can be regulated at
multiple steps by several factors. It was just shown that clus-
tering is the key event of miRNA survival and conservation.
Evolutionary conserved miRNAs are significantly enriched in
clusters. In this case, new miRNAs are created developing
functions related to the pre-existing miRNAs by de novo for-
mation and duplication, two essential mechanisms in miRNA
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maintenance [53]. Since miRNA function are directly associ-
ated with his structure, analyzing the regulation of miRNA
biogenesis provides new insights in the study of miRNAs.

MicroRNAs in Endothelial Cell Biology

The vascular endothelium is constantly exposed to hemody-
namic forces, such as the stretch and shear stress resulting
from circulatory pressure and flow that are critically involved
in maintaining vascular homeostasis. These physical forces
that highly regulate endothelial phenotype and function are
sensed and translated by ECs into various biological responses
through a complex process implying several key molecules,
including integrins, G proteins, protein kinases, and miRNAs
[54, 55]. By integrating hemodynamic with other biochemical
cues, ECs control the vascular tone and permeability, vascular
SMC proliferation, leukocyte trafficking and adherence, in-
flammation, and thrombosis. Emerging evidence indicate that
flow-sensitive miRNAs, known as mechano-miRNAs, regu-
late endothelial gene expression, being important players in
angiogenesis, EC proliferation and function, and in endothe-
lial dysfunction [56, 57••]. Several miRNAs, such as miR-
126, miR-10a, miR-19a, miR-23b, miR-21, miR-663, miR-
92a (and possibly other members of the miR-17-92 cluster),
miR-143/145, miR-101, miR-712, miR-205, miR-155
(reviewed by Kumar et al. 2014), 146a, and miR-181b have
been identified as mechano-miRNAs. These mechano-
miRNAs mainly target key signaling pathways involved in
EC cycle, inflammation, apoptosis, and NO signaling [57••].
Between all these mechano-miRNAs, some have
antiatherogenic effects while others have proatherogenic ef-
fects. The antiatherogenic mechano-miRs are: miR-10a, miR-
19a, miR-23b, miR-101, and miR-143/145. These miRNAs
have been either increased by stable flow/laminar shear stress
or decreased by disturbed flow/oscillatory shear stress in ECs.
On the other hand, the proatherogenic mechano-miRs are as
follows: miR-17-92 cluster, miR-92a, miR-663, miR-712, and
miR-205. The latter miRNAs have been either increased by
disturbed flow/oscillatory shear stress or decreased by stable
flow/laminar shear stress in ECs and seem to induce endothe-
lial dysfunction and proatherogenic responses [57••].

High shear stress-inducible miRNAs, such as miR-10a,
miR-19a, and miR-23b, and laminar shear stress up-
regulated miR-146a and miR-181b may have vasoprotective
and anti-inflammatory effects [58–60]. The anti-inflammatory
effects of miR-146a and miR-181b are mediated through
NF-κB pathway inhibition [61, 62]. Confirming the favorable
effect of miR-146a and miR-181b in ameliorating endothelial
inflammation, recent data have evidenced that delivery of
miR-146a/181b packaged in E-selectin-targeting multistage
vector (ESTA-MSV) MPs to ECs has caused downregulation
of the expression of several chemokines, including CCL2,
CCL5, CCL8, and CXCL9, and decreased adhesion of

monocyte to ECs [63]. Thus, key molecules implicated in
vascular tone regulation are targeted by several specific
miRNAs. In addition, there are several mechano-miRs with
dual role in atherosclerosis, such as miR-21, miR-126, and
miR-155. Some of these mediate proatherogenic responses
while others mediate antiatherogenic responses. This means
that a single miRNA can target numerous mRNAs involved in
both anti- and proatherogenic responses [64].

In addition to their role in vascular homeostasis, it is also
known that ECs release mediators which modulate the func-
tion of the vascular SMCs in a manner that decisively influ-
ences vascular remodeling. It has been shown that endothelial-
derived miR-143/145 can be transferred to SMCs via extra-
cellular vesicles orMPs, and this vesicle-mediated transfer has
prevented SMC de-differentiation [64]. Interestingly, SMCs
can also transfer miR-143 and miR-145 to ECs, reducing the
proliferation of ECs and thereby modulating angiogenesis
[65]. Moreover, ECs can deliver miRNAs to monocytes. A
recent study has reported that several anti-inflammatory
microRNAs have been found elevated in endothelial-
derived-extracellular vesicles-treated monocytes. In particu-
lar, miR-10a transferred to monocytic cells could repress the
inflammatory signaling through targeting of several compo-
nents of the NF-κB pathway [66].

MicroRNA in Hypertension-Associated Endothelial
Dysfunction

The most important risk factor for the premature CVD is hy-
pertension with a dysfunctional endothelium caused by the
activation of ECs as a result of their constantly exposure to
high intraluminal blood pressure. Thus, increased blood pres-
sure alters EC phenotype and function [67]. Dysfunctional
ECs participate in the pathogenesis of hypertension by several
ways, including impaired vasodilatation, reduced bioavail-
ability of NO, release of inflammatory and procoagulant me-
diators, and defective angiogenesis causing capillary rarefac-
tion. A growing body of evidence indicates dysregulation of
miRNAs to be a causative factor in endothelial dysfunction by
affecting eNOs, endothelial repair, vessel wall angiogenesis,
or expression of inflammatory molecules [56, 57••]. Also, the
augmented oxidative stress generates the vascular dysfunction
by the reduction of NO levels which impair the blood vessel
vasodilation, another potential mechanism mediating the ad-
verse effects of hypertension [68]. Thus, key molecules impli-
cated in the vascular tone regulation have been shown to be
targeted by several miRNAs.

In the last few years, many studies reported that changes in
several plasmatic miRNA levels, as well as dysregulation of
miRNA expression in tissue, are directly linked to CVD.
Recently, N. Simionescu et al. have investigated miRNAs in
sera and HDL obtained from the patients with/without hyper-
glycemia suffering from acute coronary syndrome or stable
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angina [69]. Their results have revealed that miR-223, miR-
92a, miR-486, miR-122, miR-125a, and miR-146a levels
have been higher in the sera from hyperglycemic patients with
acute coronary syndrome compared to sera from
normoglycemic patients suffering from acute coronary syn-
drome. Moreover, miR-223 and miR-486 have been
abounded in HDL2, and miR-92a in HDL3. Interestingly,
these latter miRNA levels have been increased in HDL from
hyperglycemic patients with acute coronary syndrome versus
normoglycemic ones, the results discriminating between pa-
tients with acute coronary syndrome and patients with stable
angina [69]. In addition, miR-486 and miR-92a have been
associated with stable or vulnerable coronary artery disease
[70]. The investigators have found higher levels of miR-486,
miR-92a, and miR-122 in sera from patients with coronary
artery disease [70]. Other five miRNAs, miR-125a-5p, miR-
146a, miR-10a, miR-21, and miR-33a, have been detected in
α-lipoprotein fraction from sera, and miR-33a has been found
in β-lipoprotein fraction as well [71]. It is important to note
that the circulating levels of miR-125a-5p and miR-146a have
been increased in sera from hyperlipidemic and/or hypergly-
cemic patients [71]. Also, circulating levels of cardiac
miRNAs, including miR-1, miR-133a, miR-208a, miR-
208b, and miR-499, have been frequently reported as elevated
in both coronary heart disease and heart failure, and have been
proposed as candidate biomarkers that reflect the severity of
myocardial injury [72].

In a prospective study aimed to investigate the association
between circulating miRNAs and incident myocardial infarc-
tion, 3 miRNAs out of 19 miRNAs that have been quantified
in the plasma of 820 participants were significantly related to
incident myocardial infarction: miR-126, the master regulator
of endothelial homeostasis and vascular integrity, showed a
positive association, while miR-223 and miR-197 were in-
versely associated with disease risk [73]. Interestingly, miR-
223 is antiangiogenic, preventing EC proliferation, at least in
part via targeting β1 integrin [74]. Of note, circulating miR-
223 has been identified as a biomarker and therapeutic target
in inflammation, cancer, or obesity [75, 76]. In a small cohort
of patients following myocardial infarction, the temporal pro-
file of circulating levels of miR-1, miR-21, miR-29a, miR-
133a, and miR-208 has been characterized and associated
with the left ventricular remodeling [77].

In hypertensive rats showing signs of heart failure, the cir-
culating levels of miR-16, miR-20b, miR-93, miR-106b, miR-
223, and miR-423-5p were significantly increased. This effect
was blunted after the treatment with anti-miR-208a, suggest-
ing that circulating levels of miRNAs are responsive to thera-
peutic interventions and that these plasma miRNAs may serve
as biomarkers of therapeutic efficacy and disease progression
in hypertension-induced heart disease [78].

Therefore, the cardiovascular system is considered to be
extremely sensitive to changes in miRNA levels.

Accordingly, miRNAs might be important players in the path-
ogenesis of hypertension-associated endothelial dysfunction
by the modulation of RAAS components, endothelial NO re-
lease, ROS production as well as by the regulation of inflam-
matory and angiogenic responses of ECs (Fig. 2).

MicroRNAs and Renin-Angiotensin-Aldosterone-System

RAAS plays a critical role in controlling arterial blood pres-
sure, fluid and electrolyte balance, and vascular tone.

Excessive activation of RAAS is intricately involved in the
etiology of hypertension [79], and pharmacological blockade
of RAAS is a primary approach for the treatment of hyperten-
sion and of other vascular disorders [12]. Mounting evidences
indicate that miRNAs interact with RAAS components, and
these RAAS-related miRNAs take part in physiological and
pathophysiological processes, acting either as mediators or
targets of RAAS inhibitors [80–82].

The study by Marques et al. showed that miR-181a-5p
binds the 3′UTR of renin mRNA, reducing its gene expres-
sion, and higher expression of renin mRNA in hypertensive
individuals is accompanied by lower renal expression of miR-
181a [83]. Also, the renin expression has been found to be
controlled by miR-663 [83]. An enhanced sympathetically-
induced renin synthesis has been mediated by diminution of
miR-181a in a genetically hypertensive strain of mice [84].

ACE has been identified as a target of miR-145 from the
miR-143/145 cluster—a major regulator of the contractile
phenotype of vascular SMCs; pharmacological inhibition of
either ACE or the AT1R partially reversed the vascular dys-
function in miR-143/145-deficient mice [85]. Endothelial
ACE has been found to be down-regulated by AMP-
activated protein kinase by means of p53 phosphorylation
and miR-143/145 upregulation [86••]. Moreover, stretch-
activated ERK1/2 and up-regulated ACE contributed to
miR-145 expression suppression in the vascular vessels ex-
posed to elevated stretch, as occuring in hypertension [87].
These results suggest that the overexpression of miR-145
may inhibit the pathological vascular remodeling.

Ang II has previously been reported to regulate the expres-
sion of miR-29b, miR-129-3p, and miR-212 through mecha-
nisms depending on Gαq/11 and ERK1/2 activation [88].
Likewise, recent data suggested that miR-132 and miR-212
are involved in Ang II-induced hypertension [89]. It is well
known that Ang II regulates multiple aspects of EC function.
Among many other stimuli, Ang II induces the expression of
ET-1, a key endothelial transcription factor known to be in-
volved in the regulation of endothelial inflammation, angio-
genesis, and vascular remodeling [90]. A study by Zhu et al.
revealed an important role of miR-155 in regulating Ang II
and ET-1 signaling [91]. They proved that human umbilical
vein endothelial cells (HUVECs) highly express miR-155 and
miR-221, and they provided evidence that miR-155 targets
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AT1R, and miR-155 and miR-221/222 cluster are able to tar-
get ET-1. Moreover, ET-1 and its downstream genes, includ-
ing VCAM1, MCP1, and Fms-like tyrosine kinase 1 (FLT-1),
have been up-regulated in Ang II-stimulated HUVECs, and
this effect has been partially reversed by overexpression of
miR-155 and miR-221/222; also, overexpression of miR-
155 diminished Ang II-induced AT1R-dependent endothelial
migration [73]. Other researchers showed that miR-155-5p
inhibited AT1R expression in HUVECs, andmiR-155 reduced
Ang II-induced ERK1/2 activation [92]. Also, miR-155 ex-
pression in HUVECs attenuated Ang II-induced apoptotic fac-
tors by targeting the AT1R [75]. Recent studies evidenced that
the overexpression ofmiR-155 has been able to inhibit mRNA
and AT1R protein expression in Ang II-treated hypertrophic
cardiomyocyte [93]. Given that AT1R signaling is upstream of
cardiac and vascular hypertrophy, it is likely that therapeutic
targeting of miR-155 to improve hypertensive condition by
modulating/downregulating AT1R expression. Although the
above findings suggest a protective role for miR-155 in EC
function, other researchers reported that miR-155 targeted the
3′ UTR of eNOS in HUVECs, suggesting that this may pro-
mote EC dysfunction. Thus, miR-155 overexpression de-
creased, whereas miR-155 inhibition increased eNOS expres-
sion and NO production in ECs and acetylcholine-induced
endothelium-dependent vasorelaxation in human internal
mammary arteries [94].

Of note, miRNAs have been found to modulate ACE2
signaling with favorable effects for cardiovascular system,
suggesting that targeting these miRNAs could lead to novel
therapeutic strategies to prevent or treat hypertension and its
related vascular diseases [95•]. Kemp et al. showed that miR-
483-3p is involved in the regulation of AT2R, angiotensinogen

(AGT), ACE-1, and ACE-2, all the key components of RAAS
[96•]. They established that miR-483-3p overexpression
down-regulated the expression of AGT, ACE-1, and ACE-2
proteins known as modulators of pathophysiology of vascular
endothelium and SMC. Several single nucleotide polymor-
phisms (SNPs) within the miRNA binding sites of RAAS
genes have been found associated with hypertension. For in-
stance, A1166C polymorphism in the 3′-UTR of the human
AT1R (SNP ID: rs5186) overlaps with the miR-155 target site
in this gene. For the 1166C allele, the base pairing comple-
mentarity of miR-155 with the AT1R mRNA sequence is af-
fected, and the ability of miR-155 to suppress AT1R expres-
sion is diminished. Thus, AT1R-1166CC carrier state may lead
to enhanced AT1R expression, elevated blood pressure, and
increased risk for vascular pathologies [97, 98].

MicroRNAs Modulating Nitric Oxide Release

NO is known as important regulator of vasodilatation and
blood flow and a real protector of cardiovascular system by
improving of endothelial function. It has been attested by
many in vivo and in vitro studies that NO release can be
modulated by miRNAs, and the vascular complications in
hypertension are often associated with the impairment of en-
dothelial function-related miRNAs regulation. In hyperten-
sion, the alterations of flow conditions modulate the miRNA
levels in ECs. As an example in this respect, one study showed
that miR-122 contributes to the endothelial dysfunction in
hypertension by diminishing L-arginine and NO metabolism
[99]. It is well known that L-arginine is the precursor and
essential component for NO synthesis, NO induces vasodila-
tion, and Solute Carrier Family 7 Member 1 (SLC7A1) is a

Fig. 2 The role of miRNAs in
endothelial cell dysfunction in
relation to hypertension
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transporter gene for L-arginine and normal NO metabolism
[100]. It seems that the miR-122 binds the 3′UTR of
SLC7A1, and polymorphism in this site (on the level of
SLC7A1) generates decreased levels of SLC7A1 that subse-
quently causes lower levels of NO and the endothelial dys-
function in hypertensive patients [99]. Two other miRNAs
have been proposed as biomarkers for the endothelial cell
dysfunction in hypertension: miR-182 as a novel target of
the crosstalk between ECs and cardiomyocytes [101] and
miR-155 as a new therapeutic approach in the endothelial
dysfunction improvement during CVD progression.
Specifically, it has been shown that the increase of miR-182
expression induces Akt/mTORC pathway activation and sub-
sequently the endothelial dysfunction by decreasing NO re-
lease, and the increase of miR-155 expression is inversely
related to eNOS expression and NO release. Concerning
miR-155, since this can modulate the expression of two sig-
naling molecules essential for the vascular homeostasis,
namely eNOS and AT1R [94, 102], it is likely that this
miRNA to take part in the pathogenesis of hypertension.
Sun et al. reported that miR-155 is an essential modulator of
eNOS expression and crucial factor in the endothelium-
dependent vasorelaxation as well [94]. As described, miR-
155 binds to the 3′ end of its target mRNA to control the
eNOS expression, thus contributing to bioavailability of NO
responsible for maintaining homeostasis. Accordingly, miR-
155 can be seen as pro-inflammatory factor, since NO has
anti-inflammatory properties, inhibiting leukocyte adhesion
and preventing in this way the vascular inflammation and
impaired vasodilation in hypertension. Another mediator of
NO release regulation is miR-221/222 cluster that appears to
be responsible for reduced NO secretion and lower NOS3
mRNA expression in ECs [103]. The miR-221/222 cluster is
also involved in maintaining endothelial integrity and
supporting quiescent EC phenotype. Several studies evi-
denced the negative regulatory effects of miRNA-221/222
on several key genes, such as cyclin-dependent kinase cell
cycle regulators p21Cip1 and p27Kip1, transcription factors
Ets1 and Ets2, signal transducer, and activator STAT5a
[104]. Of note, the miR-221/222 cluster suppresses endothe-
lial production of matrix metalloproteinases (MMPs), several
key adhesion modulators (such as intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), integrin-β3), and eNOS, promoting endothelial
dysfunction. Also, up-regulated vascular expression of miR-
221/222, in early atherogenic stages, suppresses the angiogen-
ic recruitment of ECs, increasing EC apoptosis and endothe-
lial dysfunction [105]. Additionally, in HUVECs exposed to
atorvastatin, simvastatin, or ezetimibe, atorvastatin decreased
the miR-221 and miR-222 expressions, while simvastatin and
ezetimibe reduced only miR-221 expression. Since statins led
to downregulation of miR-221/222, these have been consid-
ered as being responsible for increasing NOS3 mRNA levels

[106]. These results bring new data concerning the contribu-
tion of regulatory miR-221/222 on NO release induction me-
diated by statins. Also, authors conclude that even though
ezetimibe has not modulated NO levels and NOS3mRNA
expression, the downregulation of miR-221 could involve po-
tential effects on endothelial function. Moreover, no influence
has been observed on the miR-1303 expression after treat-
ments with these three cholesterol-lowering drugs: atorvastat-
in and simvastatin (inhibitors of cholesterol synthesis) and
ezetimibe (inhibitor of cholesterol absorption) [106].

As another recent study has reported, the eNOS expression
may also be regulated by miR-24. As it has been shown, the
core promoter region of the human eNOS gene, located in
7q35-36, contains multiple cis-acting elements, including
high-affinity binding sites for specificity the protein 1 (Sp1)
transcription factor, and miR-24 targets Sp1 inhibiting eNOS
expression and induces EC proliferation [107].

Other miRNAs, such as miR-9 and miR-126, have been
associated with the endothelial dysfunction in hypertensive
patients. These presented different expressions when were
evaluated comparative to healthy subjects [108•]. On the other
hand, the miR-143/145 cluster has been found to have an
important role in the pathobiology of pulmonary arterial hy-
pertension, being implicated in the regulation of both cellular
and exosome-dependent responses in ECs in pulmonary arter-
ies. In this regard, it has been exhibited that the inhibition of
miR-143/145 prevented the experimental pulmonary hyper-
tension [109]. Other data suggested that miR-30a accelerates
arteriolar branching by downregulation of endothelial delta-
like 4 (Dll4) expression, controlling in this way the EC behav-
ior in hypertension. Thus, the prevention of microvascular
rarefaction, a hallmark of fixed essential hypertension, by
the activation of angiogenic processes with miR-30a could
lower the blood pressure [110]. It has recently been shown
that miR-26a has an important role in the EC apoptosis and
also it is dysregulated in atherosclerosis and directly targets
the transient receptor potential protein homologue TRPC6 in
vascular ECs [107]. Another study has established that miR-
27b is a key player in the endothelial function and NO release.
It has also been proposed a potential mechanism for the con-
trol of Hsp90-eNOS and NO signaling during modulation of
peroxisome proliferator-activated receptor gamma (PPARγ)
by miR-27b. These findings may provide new insights for
the treatment of pulmonary arterial hypertension [111].
Moreover, these altered miRNAs may be new clinical prog-
nostic indices of target-organ damage in hypertensive patients.

MicroRNAs Controlling Oxidative Stress

Oxidative stress plays a crucial role in CVD, such as hyper-
tension, heart failure, cardiac hypertrophy, and atherosclero-
sis. In the vascular remodeling in hypertension, the oxidative
stress has been associated with several aspects like the
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endothelial dysfunction, inflammation, cell migration, apopto-
sis, and angiogenesis [112, 113]. Elevated levels of ROS dam-
age both transcriptional and post-translational activity of vas-
cular ECs and also induce changes in mitochondrial DNA and
biogenesis. Subsequently, all these effects deteriorate global
antioxidant defense processes.

In miRNA biogenesis, Dicer cleaves miRNA precur-
sors generating short double-stranded miRNA duplexes.
The inactive strand or carrier strand called miRNA*
(miRNA star) or passenger strand that is usually degraded
seems to be selectively stabilized by oxidative stress. In
macrophages, the NF-κB pathway is modulated by several
oxidative stress-responsive miRNAs: miR-27a, miR-27b,
miR-29b, miR-24, and miR-21, affecting cell functions
[114]. Also, there are many miRNAs found to be key
players in regulating oxidative stress responses in numer-
ous vascular diseases. Nevertheless, for the time being
there are few reports about miRNA expression signatures
in oxidative stress-associated endothelial dysfunction in
hypertension. It has recently been demonstrated that
miR-1 targets redox-related proteins: Cu/Zn superoxide
dismutase (SOD1), glutamate-cysteine ligase (Gclc), and
Glucose-6-phosphate dehydrogenase (G6PD), and it post-
transcriptionally represses the expressions of these antiox-
idant genes having potential complementary sites in the 3′
UTRs of these genes [115••]. This process contributes to
increasing of ROS levels and intensifies the vulnerability
to oxidative stress of the heart in miR-1 transgenic mice
[115••]. As a result, this report demonstrates that en-
hanced miR-1 levels create the alterations in the expres-
sion of proteins related to oxidative stress, which could
contribute to heart dysfunction and hence possible to en-
dothelial vascular dysfunction. In addition, it has been
attested that rats with experimental infarction displayed
elevated miR-1 levels. Consistent with this idea, another
study has demonstrated that mice have significantly re-
duced cardiac function when miR-1 is overexpressed. In
patients suffering from coronary artery disease associated
with oxidative stress, the miR-1 levels have also been
discovered increased. In addition, the antioxidant treat-
ment controls oxidant/antioxidant level, which may di-
rectly regulate several miRNA levels, especially miR-1.
The miR-1 along with other miRNAs such as miR-499,
miR-133a, and miR-133b seems to unbalance the ratio of
oxidant to antioxidant defense in the myocardium during
diabetic cardiomyopathy [116]. In agreement with these
findings, miR-200c, miR-200a, and miR-141 have been
found to be major effectors of oxidative stress-induced
biological responses in ECs. These have been very well
expressed in HUVECs exposed to H2O2 for different pe-
riods of time [117]. The potential action mechanism of
miR-200c, miR-200a, and miR-141 is targeting p38α
MAPK, a signaling molecule that contributes to

regulation of cellular responses to stress [118] as well as
to the control of proliferation and survival of many cell
types [119].

Of note, the oxidative stress regulates a panel of miRNAs
that target the 3′UTR of silent mating type information regu-
lation 2 homologue (sirtuin 1 or SIRT1) mRNA. There are
miRNAs that target SIRT1 and miRNAs that indirectly regu-
late it. The miRNAs able of targeting SIRT1 seem to be in-
volved in the atherosclerosis development. For example, miR-
217 has been found to be involved in the vascular diseases,
mainly in atherosclerosis and abdominal aortic aneurysm, and
it has been negatively correlated with SIRT1 expression in
human atherosclerotic plaques, Forkhead box protein O1
(FoxO1) acetylation status, and with eNOS expression as well
[120]. Many other studies showed a positive correlation be-
tween the circulating miR-21 levels and blood pressure in
hypertensive patients. Anyway, a very recent study has ob-
served a significantly reduction of blood pressure and cardiac
hypertrophy after the recombinant adeno-associated virus-me-
diated delivery of miR-21 in SHR [121]. This report discloses
a positive function of miR-21 in the mitochondrial translation,
which is sufficient to decrease blood pressure and improve
cardiac hypertrophy in SHR. An explanation that comes from
these authors states that the induction of miR-21 regulates the
ROS generation in mitochondria this being a part of a com-
pensatory program [121]. Again these data lead us to think
that the discovering of new miRNA-based therapies could
help in the future the hypertensive patients.

MicroRNA Function in Vascular Inflammation

Since the inflammation contributes to different vascular dis-
eases, it is critical to know and understand the action mecha-
nism of inflammatory markers and the ways by which they are
regulated by other factors as well. Inflammation is initiated by
oxidative stress through the activation of transcription factors
like NF-κB. In in vivo hypertension, modified levels of CRP
have been correlated with oxidative stress intensity within
inflammatory cells [122]. Inflammation generates the endo-
thelial dysfunction therefore promoting hypertension. Every
inflammatory process persists until the pathogens are elimi-
nated and the tissue is completely repaired. In addition, the
persistent inflammation can cause overproduction of ROS. In
some chronic inflammatory diseases, inflammatory stimuli
induce the abnormal expression of miRNAs. On the other
hand, in 2008, Harris et al. stated the involvement of
miRNAs in EC activation and dysfunction. They demonstrat-
ed that miR-126 decreases VCAM-1 expression in ECs by
binding to its 3′ UTR, and therefore the leukocyte–EC inter-
actions in response to TNF-α have been reduced [123]. The
miR-126 expression is mediated, in part, by the E26
transformation-specific sequence (Ets) factors, Ets-1 and Ets-
2, with role in the regulation of EC differentiation and vascular
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inflammation [124••]. The levels of circulating miR-126 have
been assayed to be lower in young patients with stroke and
patients with coronary artery disease [125]. Additionally, oth-
er several specific miRNAs have been reported to regulate the
EC function and vascular inflammation as response to a vari-
ety of pathophysiological stimuli: miR-17-3p, miR-31, miR-
181b, miR-146, miR-10a, and miR-92a. As for miR-17-3p, it
targets the 3′ UTRs of ICAM-1, while miR-31 targets E-
selectin. They regulate EC activation induced by cytokine
TNF-α, an effect that subsequently inhibits the leukocyte ad-
hesion to activated ECs [57••]. Also, both in vitro and in vivo
studies reported that the overexpression of miR-181b inhibits
importin-α3 expression and enhances the set of NF-κB-
responsive genes such as VCAM-1 and E-selectin in ECs
[62]. More recently, Cheng et al. revealed that pro-
inflammatory cytokines have reduced the expressions of
miR-146a and miR-146b in ECs [126]. As a consequence,
the overexpressions of miR-146a and miR-146b have amelio-
rated the endothelial activation by the inhibition of NF-κB and
MAPK pathways after directly targeting of the 3′ UTR of
TNF-receptor-associated factor 6 (TRAF6) and HuR.
TRAF6 and HuR are RNA-binding proteins which exert in-
hibitory effects on NF-κB activation and eNOS expression,
respectively. Thus, miR-146 is considered another critical
component of a negative-feedback loop that controls the en-
dothelial activation and dysfunction. Besides, several data ob-
tained in patients with chronic obstructive pulmonary disease
have revealed that the inflammatory cytokines increased miR-
146a levels that target COX2 gene [127] while, in CD4+ T-
and CD8+ T cells from patients with severe asthma, the ex-
pression of miR-146a has been significantly reduced [128].
Another important study uncovered that the shear stress reg-
ulates the expressions of miR-10a and miR-92a [129]. The
miR-10a reduces NF-κB activation by targeting the 3′ UTR
of MAPK-7 and the β-transducin-repeat-containing gene (β
TRC), while miR-92a is involved in the regulation of endo-
thelial activation by targeting the transcription factors KLF2
and KLF4 9. Consistent with these data, an inverse correlation
has been found between miR-10a, miR-92a expressions and
NF-κB, KLF2, KLF4 expressions in athero sites from swine
aortic arch relative to the protected thoracic aorta. Another
in vivo evidence has discovered that miR-21 has a positive
effect in hypertension and atherosclerosis process. Thus, in
their study, Zhang et al. showed that the diastolic blood pres-
sure has been increased and acetylcholine-induced endotheli-
um-dependent relaxation of the aorta has been reduced in
miR-21 endothelial-specific knockout mice [130]. Also, the
deficiency inmiR-21 diminished elastin content and enhanced
the intima-media wall thickness of the thoracic aorta. As for
the miR-21 action molecular mechanism, it has been
established that the deletion of miR-21 increases the expres-
sions of Smad7, connective tissue growth factor (CTGF),
MMP-2, and MMP-10, and decreases the expressions of

Smad2, Smad5, and tissue inhibitor of MMP-4. The data from
this interesting study evoked that endothelial miR-21 may
play a decisive role in the vascular remodeling through regu-
lating transforming growth factor-β1 (TGF-β1) signaling
[130]. Furthermore, miR-125a-5p and miR-125b-5p have also
been shown to decrease in SHR, as a consequence of increas-
ing of ET-1 expression known as a potent vasoconstrictive
peptide that promotes the endothelial inflammation and ath-
erosclerosis [131]. Also, miR-155 and miR-221/222 directly
target Ets-1, an effect that reduces VCAM-1, MCP-1, and
Fms-like tyrosine kinase 1 (FLT-1) expressions with a concor-
dant reduction in leukocyte–EC interactions and ECmigration
[91]. It has recently been made known that the miR-712/205
family, which is up-regulated by disturbed flow, increases the
vascular permeability and contributes to endothelial inflam-
mation by targeting tissue inhibitor of MMP-3 [57••].

In addition to all of these data, another study exhibited that
elevated levels of IL-6 led to reduced bone morphogenetic
protein receptor type II (BMPR2) expression in idiopathic
pulmonary arterial hypertension through the activation of
miR-17/92 cluster [132]. In agreement with these data, anoth-
er report has analyzed the miR-663 expression in HUVECs
exposed to proatherogenic oxidized phospholipids. As a re-
sult, the increase in mir-663 expression has been correlated to
stimulation of VEGF and activation of activating transcription
factor 4 (ATF4) [133]. Generally, it is largely known that
inflammatory cytokines such as IL-17, IL-6, and VEGF con-
tribute to hypertension, likely by both altering blood pressure
and tissue damage. Recently, in vivo studies showed that miR-
637 has anti-inflammatory effect by lowering CRP circulating
levels. Since miRNAs have a key role in posttranscriptional
gene regulation mainly by acting as repressors, several targets
for mir-637 such as osterix and collagen type IV alpha 1
(COL4A1) have been reported [134, 135]. It is possible that
miR-637 to target other inflammatory pathways in order to
decrease the CRP levels in other pathological situations such
as hypertension.

Finally, all these data suggest that miRNAs may be impor-
tant regulators of vascular function in human disease, partic-
ularly in hypertension, and in the same time they may be real
targets for therapies. It would be fascinating to disclose wheth-
er in vivo administration of any of these miRNAs modulate
the pathogenesis of vascular diseases.

MicroRNA Function in Vascular Angiogenesis

The angiogenic response is often regulated by miRNAs, but
their expression may also be controlled by pro-angiogenic
factors, such as VEGF and basic fibroblast growth factors
(bFGF). In ECs, Dicer, the terminal endonuclease responsible
for the generation of miRNAs, has a major role in angiogen-
esis. In both in vitro and in vivo, lacking of this enzyme results
in an extremely dysregulated angiogenesis. It has been shown
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that the diminution of endothelial miRNAs by Dicer inactiva-
tion decreased postnatal angiogenic response to different stim-
uli, including exogenous VEGF, wound healing, limb ische-
mia, and tumors. In homeostasis and disease, as well as in
many growth aspects, the posttranscriptional gene regulation
by miRNAs is fundamental. It has been confirmed by several
times that miRNAs regulate the new blood vessel formation in
maladies like cancer [136] and several hypertension-related
complications [47]. Interestingly, the postnatal angiogenesis
has been regulated by endothelial miRNAs, and VEGF in-
duced the expression of miRNAs implicated in the angiogenic
response control [103]. The several specific miRNAs in-
volved in angiogenesis have been recently identified. In vivo
studies attested that miR-329 inhibits the CD146 expression in
blood vessels and attenuates neovascularisation [47]. Also, the
hypoxia-dependent upregulation of miR-24 led to moderated
capillary density through targeting GATA2 (an endothelium-
enriched transcription factor) and PAK4 (a p21-activated ki-
nase) and decreasing their expression in ECs [137].
Overexpression of miR-217 in young ECs has induced defi-
cient angiogenesis, and the inhibition of miR-217 in old ECs
led to augmented angiogenesis [138]. In young HUVECs,
human aortic ECs, and human coronary artery ECs, miR-
217 has promoted a premature senescence-like phenotype
and conducted to the impairment of angiogenesis via inhibi-
tion of SIRT1 and modulation of FoxO1 and eNOS acetyla-
tion. The decline of angiogenesis inside microvessels named
rarefaction generates the injury of target organs, a major path-
ogenic feature and complication of hypertension. Recently,
another in vivo study has demonstrated that in the right ven-
tricle, the miR-126 upregulation improves the microvessel
density in the pulmonary arterial hypertension [139]. It has
been shown that the miR-126 downregulation increased
sprouty-related, EVH1 domain-containing protein 1 (Spread-
1) and phosphoinositol-3 kinase regulatory subunit 2
(PI3KR2), conducting to RAF and MAPK inactivation and
VEGF pathway inhibition. In addition, it has been found that
miR-182 upregulation plays an important role in the hypertro-
phic response induced by angiogenesis through downregula-
tion of branched chain amino acid transaminase 2 (Bcat2),
adenylate cyclase 6 (Adcy6), and FoxO3 [101]. Besides, the
exercise training promotes the peripheral revascularization in
hypertension, associated with the regulation of several
miRNAs. Thus, the clarification of connection between the
exercise training and miRNAs in the pathogenesis of hyper-
tension is required to understand how exercise modulates the
cardiovascular system at genetic level [140]. Related to the
capillary rarefaction that is known to amplify vascular dys-
function in hypertension, two of most frequent miRNAs,
miR-16 and miR-21, have been found to be increased, while
their targets VEGF and Bcl-2 have been decreased.
Furthermore, it has been established by experimental results
that the exercise training lowers the miR-16 and miR-21

expression and increases miR-126 expression, associated with
the revascularization in hypertension [141]. Moreover, it has
been shown that aerobic training induces an increase of mir-
126 expression, related to exercise-induced cardiac angiogen-
esis, by indirect regulation of the VEGF pathway and direct
regulation of its targets that converged in an activation of
angiogenic pathways, such as MAPK and PI3K/Akt/eNOS
[142]. The levels of miR-126 and miR-9 both analyzed in
hypertensive patients have been found to be significantly di-
minished [108•]. Moreover, the echocardiography measure-
ments showed that left ventricle mass index can be positively
correlated with miR-9. These findings have been comparable
with those obtained in animal studies stating that miR-9 is a
negative regulator of cardiac hypertrophy [143]. The miR-9
suppresses myocardin expression which is a downstream me-
diator of nuclear factor of activated T cells c3 (NFATc3) in the
hypertrophic cascades. In addition, it has been discovered that
the levels of miR-126 and miR-9 can be positively related to
the 24-h mean pulse pressure, which can predict advanced
target organ damage in hypertension [144]. Another study
detected the increases of miR-505 expression in the hyperten-
sive subjects and animals [145]. The direct target of miR-505
has been established to be the fibroblast growth factor 18
(FGF18), a pro-angiogenic factor responsible for the
antiagiogenic effects of miR-505.

These exciting studies suggest that the adjustment of
miRNA expression and function by different approaches
may lead to the regulation of angiogenic response in hyper-
tension. Thus, a novel method for the treatment of disorders
associated with abnormal pathological angiogenesis, such as
hypertension, might be based on the antagonism of key
miRNAs.

All these miRNAs mentioned here with essential role in
endothelial dysfunction in hypertension by direct targeting
of multiple components of RASS, NO release, ROS produc-
tion, and also of inflammatory and angiogenic responses in
ECs are summarized and displayed in the Table 1.

Above all these data, it is important to mention that
miRNAs offer many features for making them effective phar-
macological targets in hypertension-associated endothelial
dysfunction. Anyway, growing evidence in the field of
miRNAs could be added to this current understanding so that
miRNAs can be used as diagnostic biomarkers and therapeutic
targets for hypertensive patients.

MicroRNAs asMediators of Intercellular Communication

There are important studies which demonstrate that miRNAs
exist in both cellular and extracellular space, including plas-
ma/serum, saliva, and urine. Some circulating miRNAs in
blood have been successfully revealed as biomarkers for sev-
eral cancers, CVD, brain injury, and liver injury [146].
miRNAs detected in blood, known as Bcirculating
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Table 1 RASS components, NO release, ROS production, inflammation, angiogenesis-related microRNAs in hypertension

miRNAs Affected signaling
pathways/targets

miRNA functions in endothelial
dysfunction and hypertension

References

MicroRNAs and renin-angiotensin-aldosterone-system

↓ miR-181a-5p ↑ renin Increases blood pressure in hypertensive patients
and mice

[83, 84]

↓ miR-663 ↑ renin Increases blood pressure in hypertensive patients [83]

↓ miR-143/145
↓ miR-145

↑ AT1R, ACE
↑ ACE, ERK1/2

Induces vascular dysfunction in
miR-143/145-deficient mice

Induces vascular dysfunction in vessels
exposed to elevated stretch

[85, 86••]
[86••]

↑ miR-29b
↑ miR-129-3p
↑ miR-212

↑ Gαq/11, ERK1/2 activation Increase blood pressure and endothelial
inflammation

[88]

↓ miR-155-5p ↑ AT1R (AT1R-1166CC carrier state),
ERK1/2

↑ ET-1, VCAM1
↑ MCP1, FLT-1

Induces vascular hypertrophy
Modulates endothelial migration in HUVECs

[93, 113]
[91]

↓ miR-221/222 ↑ ET-1, VCAM1
↑ MCP1, FLT-1

Modulates endothelial migration in HUVECs [91]

↓ miR-483-3p ↑ AT2R, AGT,
↑ ACE-1 ACE-2,

Modulates RAS component levels [96•]

MicroRNAs modulating nitric oxide release

↑ miR-155 ↓ eNOS Decreases NO release in HUVECs and
impairs endothelium--dependent
vasodilation

Induces leukocyte adhesion and vascular
inflammation

[94]

↑ miR-122 ↓ SLC7A1
↓ L-arginine

Reduces NO levels and induces endothelial
dysfunction in hypertensive patients

[99, 100]

↑ miR-182 ↓ Akt/mTORC Targets the crosstalk between ECs and
cardiomyocytes

Induces endothelial dysfunction by decreasing
NO release

[101]

↑ miR-24 ↓ Sp1, eNOS Decreases NO release and induces EC proliferation [107]

↑ miR-221/222 ↓ eNOS
↓ p21Cip1, p27Kip1

↓ Ets1, Ets2, STAT5a

Lowers NO secretion and NOS3 expression in ECs [103, 104, 106]

↑ miR-27b ↓ Hsp90-eNOS
↓ PPARγ

Diminishes NO generation and causes
pulmonary arterial hypertension

[111]

↑ miR-217 ↓ eNOS Decreases NO release in ECs from abdominal aorta [120]

↓ miR-146a
↓ miR-146b

↑ TRAF6, HuR
↓ eNOS

Stimulate EC activation and dysfunction [126]

MicroRNAs controlling oxidative stress

↑ miR-27a
↑ mirR-27b
↑ miR-29b
↑ miR-24

↑ NF-κB pathway Increase ROS production and induce
endothelial dysfunction

[114]

↑ miR-21 ↑ NF-κB pathway Increases ROS production and induces endothelial
dysfunction

Increases blood pressure in hypertensive patients
and rats

[114]
[121]

↑ miR-1 ↑ Cu/Zn , SOD1
↑ Gclc, G6PD

Generates increase of ROS levels and induces
endothelial dysfunction

[115••]

miR-499, miR-133a,
miR-133b

? Unbalance the ratio of oxidant to antioxidant
defense

[116]

↑ miR-200c
↑ miR-200a
↑ miR-141

↑ p38α MAPK Increase ROS levels in HUVECs
Effectors of oxidative stress-induced biological

responses in ECs

[117–119]

↑ miR-217 ↓ SIRT1, FoxO1 Increases ROS production and contributes to
abdominal aortic aneurysm

[120]

MicroRNA function in vascular inflammation
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miRNAs,^ can originate from dying cells, such as necrotic
cardiomyocytes following myocardial infarction, or can be
actively secreted from living cells, acting as paracrine factors.

To our knowledge, the mechanism of miRNA release from
the origin cells into extracellular space has not yet been

described. It is possible that some of the miRNAs that convey
specific information to be exported or released from cells in
response to biological stimuli.

Several studies attested that miRNAs carry out biological
function outside the cell, mediating cell-cell communication.

Table 1 (continued)

miRNAs Affected signaling
pathways/targets

miRNA functions in endothelial
dysfunction and hypertension

References

↓ miR-126 ↑ VCAM-1 Increases leukocyte–EC interaction generating
endothelial activation and inflammation

[123, 124••,
125]

↓ miR17-3p ↑ ICAM-1 Enhances leukocyte adhesion to activated ECs [57••]

↓ miR-31 ↑ E-selectin Enhances leukocyte adhesion to activated ECs [57••]

↑ miR-181b ↓ importin-α3
↑ VCAM-1
↑ E-selectin

Induces EC inflammation in vitro and in vivo
models

[57••, 62]

↓ miR-146a
↓ miR-146b

↑ TRAF6, HuR
↑ NF-κB , MAPK
↓ eNOS

Stimulate EC activation and dysfunction [57••]
[126]

↓ miR-10a ↑ MAPK-7, β TRC
↑ NF-κB
↑ KLF2, KLF4

Promotes EC activation in athero sites from
swine aortic arch

[129]

↓ miR-92a ↑ KLF2, KLF4 9 Promotes EC activation in athero sites from
swine aortic arch

[129]

↓ miR-21 ↑ Smad7, CTGF
↑ MMP-2, MMP-10
↓ Smad2, Smad5
↓ tissue inhibitor of MMP-4
↓ TGF-β1

Increases diastolic blood pressure and impairs
endothelium-dependent relaxation of the aorta

Diminishes elastin content and enhances the
intima-media wall thickness of the thoracic aorta

Modulates vascular remodeling in hypertension
and atherosclerosis process

[130]

↓ miR-125a-5p
↓ miR-125b-5p

↑ ET-1 Promote endothelial inflammation and
atherosclerosis in SHR

[131]

↓ miR-155
↓ miR-221/222

↑ Ets-1, VCAM-1
↑ MCP-1, FLT-1

Increase leukocyte–EC interactions and EC
migration

[91]

↑ miR-712/205 ↓ tissue inhibitor of MMP-3 Increases vascular permeability and contributes
to endothelial inflammation

[57••]

↑ miR-17/92 ↓ BMPR2
↑ IL-6

Provokes endothelial inflammation in
idiopathic pulmonary arterial hypertension

[132]

↑ miR-663 ↑ ATF4, VEGF Produces activation in HUVECs [133]

↓ miR-637 ↑ Osterix, COL4A1, ↑ CRP Activates inflammatory pathways by increasing
CRP

[134, 135]

MicroRNA function in vascular angiogenesis

↑ miR-329 ↓ CD146 Attenuates neovascularisation [47]

↑ miR-24 ↓ GATA2, PAK4 Decreases capillary density and impairs angiogenesis [137]

↑ miR-217 ↓ SIRT1, FoxO1
↓ eNOS acetylation

Promotes a premature senescence-like phenotype
in ECs and conducts to an impairment in
angiogenesis

[138]

↓ miR-126 ↑ SPRED-1, PI3KR2
↓ RAF, MAPK
↓ VEGF
↓ PI3K/Akt/eNOS

Impairs the microvessel density in the pulmonary
arterial hypertension

[108•, 139]
[142]

↑ miR-182 ↓ Bcat2, Adcy6
↓ FoxO3

Contributes to angiogenesis-induced hypertrophic
response

[101]

↑ miR-16
↑ miR-21

↓ VEGF, Bcl-2 Generate capillary rarefaction and amplify vascular
dysfunction

[141]

↓ miR-9 ↑ myocardin
↑ NFATc3

Modulates cardiac hypertrophy [108•, 143,
144]

↑ miR-505 ↓ FGF18 Reduces angiogenesis in hypertensive subjects
and animals

[145]
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Also, the origin of circulating miRNAs is not yet well under-
stood. It is believed that most of miRNAs are derived from
blood cells, and some of them even from tissue such as heart,
lung, liver, and kidney. In order to protect themselves against
circulating RNase degradation, miRNAs associate with the
extracellular vesicles (exosomes, microvesicles (MVs), or mi-
croparticles (MPs) and apoptotic bodies) and protein (AGO2)
or lipoprotein complexes (LDL, HDL) [147]. Circulating
miRNAs packed in different carrier molecules are subsequent
transferred into recipient cells modifying their function [148,
149]. Not all miRNAs are loaded into extracellular vesicles or
lipoprotein complexes, some of them are kept within the cell.
The key step of intercellular communication is the selective
export of a precise miRNA from the cell [150]. The process of
sorting and export of miRNAs is ATP-dependent and it re-
sponses to extracellular conditions [147]. The exosomal ex-
port of miRNAs could be dependent on the ceramide pathway
and linked directly with intracellular miRNA levels as well
[147]. In addition, packing of miRNA into specific extracel-
lular transport carrier can be influenced by disease. It has been
shown that the levels of miRNAs in platelet-derived micro-
particles (PMPs) isolated from blood of patients with chronic
coronary heart disease or acute coronary syndrome and from
healthy subjects are significantly different [151]. In some
cases, precursors of mature miRNAs have also been released.
In addition, many studies have reported that functional
miRNAs are transferred by MVs into recipient cells [148,
152, 153], mediating cell-cell communication. The cell-cell
communication is facilitated mainly by intravesicular and
extravesicular miRNA transport and sometimes by
connexin-dependent miRNA intercellular transfer via gap
junction. It has recently been described that compared with
MV-dependent miRNA intercellular transport (∼0.7 %), the
percentage of intercellular transport of miRNAs by gap junc-
tions is much higher [154]. Many studies attested the role of
miRNAs in both local and systemic communication, especial-
ly in the case of adipocytes [155, 156] and tumor cells [136,
149, 157]. Thus, specific circulating miRNA profiles have
been uncovered in plasma from obese subjects, suggesting
that some of these miRNAs may modulate the systemic met-
abolic response [158]. More importantly, concerning miRNA
role in local communication, the most recent studies have
revealed that adipocyte-derived MVs contain miRNAs that
are transported into macrophages. Moreover, it has been
proved that secreted miRNAs by this type of MVs may target
neighboring cells and perform regulatory functions in them
[159]. In particular, it has been demonstrated that MVs de-
rived from rat adipocytes or plasma harboring the
glycosylphosphatidylinositol (GPI)-anchored proteins, Gce1
and CD73, contain specific transcripts and miRNAs that are
both transferred into and expressed in acceptor adipocytes and
are involved in the upregulation of lipogenesis and cell size
[155]. Also, many miRNAs play important roles in regulating

inflammation in adipose tissue [160]. Accordingly, under li-
popolysaccharide stimulation mimicking an inflammatory
state, an altered expression pattern of miRNAs in both adipo-
cytes and macrophages has been evidenced, by comparison
with the basal conditions [156]. The authors conclude that
knowing miRNA profiles associated with different pathways
of adipocytes and macrophages activation may provide a new
spectrum of biomarkers and therapeutic approaches to dimin-
ish macrophage infiltration in obese adipose tissue and the
onset of obesity-associated inflammation. For example, vari-
ations regarding miR-221/222 and miR-155 may participate
in the crosstalk between obesity-related inflammation, insulin
resistance, and other obesity-associated morbidities [156].
Moreover, in adipose tissue samples from morbid obese sub-
jects obtained before and after bariatric surgery-induced
weight loss, analyses of those miRNAs exhibiting dramatic
changes in vitro revealed a reduction of their expressions after
surgery-induced weight loss, together with the subsequent
metabolic improvement and decreased inflammation [156].

Conclusion

Knowing the essential role of the endothelium in the control of
vascular function, inflammation, thrombosis, and prolifera-
tion, it is obvious that the endothelial cell dysfunction involves
the alterations of these normal endothelial functions. In hyper-
tension, the endothelial dysfunction there is on the level of
both resistance and conduit arteries and it is the result of the
amplification of NO degradation by the interaction between
NO and superoxide anions. There are growing evidence
concerning association between hypertension and endothelial
dysfunction but with respect to the mechanisms of
hypertension-associated endothelial dysfunction important
pieces of the puzzle are still missing.

The idea that miRNAs are critical regulators of various
gene expressions may be a new hope for understanding the
relation hypertension-endothelial dysfunction. In particular,
miRNAs are important regulators of vascular function and
hypertension, thereby serving as diagnostic and therapeutic
targets of the vascular disease. The knowledge of miRNA
biology has not yet been perfected, and the identification of
specific target genes of miRNAs in each cell type and organ
continues to be a major challenge in understanding the role of
miRNAs. The finding of interactions between specific
miRNAs and RAAS components, NO release, ROS produc-
tion, and identification of their role in the inflammatory and
angiogenic responses, and further in endothelial cell function/
dysfunction, blood pressure control and hypertension, repre-
sents a major milestone in hypertension research. However, by
this review we try to bring light on some of them in order to
understand the main role of miRNAs in controlling EC
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function/dysfunction and signaling pathways in response to a
variety of pathophysiological stimuli.

Anywise, further investigations are required to elucidate
the interactions and precise mechanisms of the involvement
of miRNAs in the endothelial dysfunction and hypertension.
Moreover, the inhibition or activation of miRNAs should be
investigated in the future as a potential contribution of these at
hypertension associated with endothelial dysfunction. Thus,
the development of miRNA therapeutics could be a real
challenge.

We envisage that miRNAs may be used as diagnostic bio-
markers and therapeutic targets for the endothelial dysfunction
in hypertensive patients.

Acknowledgments This work was supported by grants of the
Romanian National Authority for Scientific Research, CNCS –
UEFISCDI: project number PN-II-RU-TE-2014-4-0525, project number
PN-II-RU-TE-2014-4-0523 and project number PN-II-PT-PCCA-2013-
4-2154.

Also, this work was supported by the Romanian Academy and it is
dedicated to the 150th anniversary of the Romanian Academy.

Compliance with Ethical Standards

Conflict of Interest Drs. Nemecz, Alexandru, Tanko, and Georgescu
declare no conflicts of interest relevant to this manuscript.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1. Brook RD, Appel LJ, Rubenfire M, Ogedegbe G, Bisognano JD,
Elliott WJ, et al. Beyond medications and diet: alternative ap-
proaches to lowering blood pressure: a scientific statement from
the American Heart Association. Hypertension. 2013;61(6):1360–
83. doi:10.1161/HYP.0b013e318293645f.

2. Kumar J. Epidemiology of hypertension. Clinical queries:
Nephrology. 2013;2(2):56–61. doi:10.1016/j.cqn.2013.04.005.

3. Thalgahagoda S, Shenoy M. Physiology and treatment of hyper-
tension. Paediatr Child Health. 2013;23(2):53–8. doi:10.1016/j.
paed.2012.08.003.

4. Dharmashankar K, Widlansky ME. Vascular endothelial function
and hypertension: insights and directions. Curr Hypertens Rep.
2010;12(6):448–55. doi:10.1007/s11906-010-0150-2.

5.•• Brandes RP. Endothelial dysfunction and hypertension.
H y p e r t e n s i o n . 2 0 1 4 ; 6 4 ( 5 ) : 9 2 4 – 8 . d o i : 1 0 . 11 6 1
/HYPERTENSIONAHA.114.03575. This review highlights
the new refinements of the concepts on interaction between
endothelial dysfunction and hypertension.

6. Silva BR, Pernomian L, Bendhack LM. Contribution of oxidative
stress to endothelial dysfunction in hypertension. Front Physiol.
2012;3:441. doi:10.3389/fphys.2012.00441.

7. Widlansky ME, Gokce N, Keaney Jr JF, Vita JA. The clinical
implications of endothelial dysfunction. J Am Coll Cardiol.
2003;42:1149–60. doi:10.1016/S0735-1097(03)00994-X.

8. Harrison DG, Gongora MC. Oxidative stress and hypertension.
Med Clin North Am. 2009;93:621–35. doi:10.1016/j.
mcna.2009.02.015.

9. Georgescu A, Alexandru N, Andrei E, Titorencu I, Dragan E,
Tarziu C, et al. Circulating microparticles and endothelial progen-
itor cells in atherosclerosis: pharmacological effects of irbesartan.
J Thromb Haemost. 2012;10(4):680–91. doi:10.1111/j.1538-
7836.2012.04650.x.

10. Georgescu A, Alexandru N, Andrei E, Dragan E, Cochior D, Dias
S. Effects of transplanted circulating endothelial progenitor cells
and platelet microparticles in atherosclerosis development. Biol
Cell. 2016;108(8):1–25. doi:10.1111/boc.201500104.

11. Ferrari R. RAAS inhibition and mortality in hypertension: from
pharmacology to clinical evidence. Glob Cardiol Sci Pract.
2013;2013(3):269–78. doi:10.5339/gcsp.2013.34.

12. Mentz RJ, Bakris GL, Waeber B, McMurray JJ, Gheorghiade M,
Ruilope LM, et al. The past, present and future of rennin-
angiotensin aldosterone system inhibition. Int J Cardiol.
2013;167(5):1677–87. doi:10.1016/j.ijcard.2012.10.007.

13. Jugdutt BI. Expanding saga of the renin-angiotensin system: the
angiotensin II counter-regulatory AT2 receptor pathway.
C i r c u l a t i o n . 2 015 ; 131 ( 16 ) : 1 380–3 . d o i : 1 0 . 1161
/CIRCULATIONAHA.115.016328.

14. Oparil S, Haber E. The renin angiotensin system (first of two
parts). N Engl J Med. 1974;291(8):389–401. doi:10.1056
/NEJM197408222910805.

15. Oparil S, Haber E. The renin angiotensin system (second of two
parts). N Engl J Med. 1974;291(9):446–57. doi:10.1056
/NEJM197408292910905.

16. Morishita R, Gibbons GH, Tomita N, Zhang L, KanedaY, Ogihara
T, et al. Antisense oligodeoxynucleotide inhibition of vascular
angiotensin-converting enzyme expression attenuates neointimal
formation: evidence for tissue angiotensin-converting enzyme
function. Arterioscler Thromb Vasc Biol. 2000;20(4):915–22.
doi:10.1161/01.ATV.20.4.915.

17. Pacurari M, Kafoury R, Tchounwou PB, Ndebele K. The renin-
angiotensin-aldosterone system in vascular inflammation and re-
modeling. Int J Inflam. 2014;2014:689360. doi:10.1155/2014
/689360.

18. Kizhakekuttu TJ, Widlansky ME. Natural antioxidants and hyper-
tension: promise and challenges. Cardiovasc Ther. 2010;28:e20–
32. doi:10.1111/j.1755-5922.2010.00137.x.

19. Takac I, Schröder K, Brandes RP. The Nox family of NADPH
oxidases: friend or foe of the vascular system? Curr Hypertens
Rep. 2012;14(1):70–8. doi:10.1007/s11906-011-0238-3.

20. Jennings BL, George LW, Pingili AK, Khan NS, Estes AM, Fang
XR, et al. Estrogen metabolism by cytochrome P450 1B1 modu-
lates the hypertensive effect of angiotensin II in female mice.
Hyp e r t e n s i o n . 2 01 4 ; 6 4 ( 1 ) : 1 34 –40 . d o i : 1 0 . 11 61
/HYPERTENSIONAHA.114.03275.

21. Virdis A, Bacca A, Colucci R, Duranti E, Fornai M, Materazzi G,
et al. Endothelial dysfunction in small arteries of essential hyper-
tensive patients: role of cyclooxygenase-2 in oxidative stress gen-
eration. Hypertension. 2013;62(2):337–44. doi:10.1161
/HYPERTENSIONAHA.111.00995.

22. Sturza A, Leisegang MS, Babelova A, Schröder K, Benkhoff S,
Loot AE, et al. Monoamine oxidases are mediators of endothelial
dysfunction in the mouse aorta. Hypertension. 2013;62(1):140–6.
doi:10.1161/HYPERTENSIONAHA.113.01314.

87 Page 16 of 21 Curr Hypertens Rep (2016) 18: 87

http://dx.doi.org/10.1161/HYP.0b013e318293645f
http://dx.doi.org/10.1016/j.cqn.2013.04.005
http://dx.doi.org/10.1016/j.paed.2012.08.003
http://dx.doi.org/10.1016/j.paed.2012.08.003
http://dx.doi.org/10.1007/s11906-010-0150-2
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03575
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03575
http://dx.doi.org/10.3389/fphys.2012.00441
http://dx.doi.org/10.1016/S0735-1097(03)00994-X
http://dx.doi.org/10.1016/j.mcna.2009.02.015
http://dx.doi.org/10.1016/j.mcna.2009.02.015
http://dx.doi.org/10.1111/j.1538-7836.2012.04650.x
http://dx.doi.org/10.1111/j.1538-7836.2012.04650.x
http://dx.doi.org/10.1111/boc.201500104
http://dx.doi.org/10.5339/gcsp.2013.34
http://dx.doi.org/10.1016/j.ijcard.2012.10.007
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.016328
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.016328
http://dx.doi.org/10.1056/NEJM197408222910805
http://dx.doi.org/10.1056/NEJM197408222910805
http://dx.doi.org/10.1056/NEJM197408292910905
http://dx.doi.org/10.1056/NEJM197408292910905
http://dx.doi.org/10.1161/01.ATV.20.4.915
http://dx.doi.org/10.1155/2014/689360
http://dx.doi.org/10.1155/2014/689360
http://dx.doi.org/10.1111/j.1755-5922.2010.00137.x
http://dx.doi.org/10.1007/s11906-011-0238-3
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03275
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03275
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00995
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00995
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01314


23. Spescha RD, Glanzmann M, Simic B, Witassek F, Keller S,
Akhmedov A, et al. Adaptor protein p66shc mediates hypertension-
associated, cyclic stretch-dependent, endothelial damage.
H y p e r t e n s i o n . 2 0 1 4 ; 6 4 : 3 4 7 – 5 3 . d o i : 1 0 . 1 1 6 1
/HYPERTENSIONAHA.113.02129.

24. Gornik HL, Creager MA. Arginine and endothelial and vascular
healthy. J Nutr. 2004;134(10):2880S–7S.

25. Bevers LM, Braam B, Post JA, vanZonneveld AJ, Rabelink TJ,
Koomans HA, et al. Tetrahydrobiopterin, but not L-arginine, de-
creases NO synthase uncoupling in cells expressing high levels of
endothelial NO synthase. Hypertension. 2006;47(1):87–94.
doi:10.1161/01.HYP.0000196735.85398.0e.

26. Crimi E, Ignarro LJ, Napoli C. Microcirculation and oxidative
stress. Free Radic Res. 2007;41(12):1364–75. doi:10.1080
/10715760701732830.

27. Chandra S, Romero MJ, Shatanawi A, Alkilany AM, Caldwell RB,
Caldwell RW.Oxidative species increase arginase activity in endothe-
lial cells through the RhoA/Rho kinase pathway. Br J Pharmacol.
2012;165(2):506–19. doi:10.1111/j.1476-5381.2011.01584.x.

28. Zhou X, Bohlen HG, Miller SJ, Unthank JL. NAD(P)H oxidase-
derived per-oxide mediates elevated basal and impaired flow-
induced NO production in SHR mesenteric arteries in vivo. Am
J Phy s i o l . 2 0 08 ; 2 95 ( 3 ) :H1008–16 . d o i : 1 0 . 1152
/ajpheart.00114.2008.

29. Schulz E, Jansen T, Wenzel P, Daiber A, Münzel T. Nitric oxide,
tetrahydrobiopterin, oxidative stress and endothelial dysfunction
in hypertension. Antioxid Redox Signal. 2008;10(6):1115–26.
doi:10.1089/ars.2007.1989.

30. Zhang C, Hein TW, Wang W, Miller MW, Fossum TW,
McDonald MM, et al. Upregulation of vascular arginase in hy-
pertension decreases nitric oxide-mediated dilation of coronary
arteorioles. Hypertension. 2004;44(6):935–43. doi:10.1161/01.
HYP.0000146907.82869.f2.

31. Vecchione C, Carnevale D, Di Pardo A, Gentile MT, Damato A,
Cocozza G, et al. Pressure-induced vascular oxidative stress is
mediated through activation of integrin-linked kinase 1/betaPIX/
Rac-1 pathway. Hypertension. 2009;54(5):1028–34. doi:10.1161
/HYPERTENSIONAHA.109.136572.

32. Whitworth JA. World Health Organization (WHO)/International
Society of Hypertension (ISH) statement on management of hy-
pertension. J Hypertens. 2003;21:1983–92. doi:10.1097/01.
hjh.0000084751.37215.d2.

33. Watson T, Goon PK, Lip GY. Endothelial progenitor cells, endo-
thelial dysfunction, inflammation, and oxidative stress in hyper-
tension. Antioxid Redox Signal. 2008;10(6):1079–88.
doi:10.1089/ars.2007.1998.

34. Zeng ZH, Zhang ZH, Luo BH, He WK, Liang LY, He CC, et al.
The functional changes of the perivascular adipose tissue in spon-
taneously hypertensive rats and the effects of atorvastatin therapy.
Clin Exp Hypertens. 2009;31(4):355–63. doi:10.1080
/10641960902977916.

35. Marchesi C, Ebrahimian T, Angulo O, Paradis P, Schiffrin EL.
Endothelial nitric oxide synthase uncoupling and perivascular ad-
ipose oxidative stress and inflammation contribute to vascular
dysfunction in a rodent model of metabolic syndrome.
Hype r t en s i on . 2009 ;54 (6 ) : 1384–92 . do i : 10 . 1161
/HYPERTENSIONAHA.109.138305.

36. Apovian CM, Bigornia S, Mott M, Meyers MR, Ulloor J, Gagua
M, et al. Adipose macrophage infiltration is associated with insu-
lin resistance and vascular endothelial dysfunction in obese sub-
jects. Arterioscler Thromb Vasc Biol. 2008;28(9):1654–9.
doi:10.1161/ATVBAHA.108.170316.

37. Magen E, FeldmanA, Cohen Z, AlonDB, Linov L,Mishal J, et al.
Potential link between C3a, C3b and endothelial progenitor cells
in resistant hypertension. Am J Med Sci. 2010;339(5):415–9.
doi:10.1097/MAJ.0b013e3181d7d496.

38. Didion SP, Kinzenbaw DA, Schrader LI, Chu Y, Faraci FM.
Endogenous interleukin-10 inhibits angiotensin II induced vascu-
lar dysfunction. Hypertension. 2009;54(3):619–24. doi:10.1161
/HYPERTENSIONAHA.109.137158.

39. Georgescu A, Alexandru N, Nemecz M, Titorencu I, Popov D.
Irbesartan administration therapeutically influences circulating en-
dothelial progenitor cell and microparticle mobilization by in-
volvement of pro-inflammatory cytokines. Eur J Pharmacol.
2013;711(1-3):27–35. doi:10.1016/j.ejphar.2013.04.004.

40. Badila E, Daraban AM, Ghiorghe S, Georgescu A, Alexandru N,
Bartoş D, et al. Rethinking cardiovascular therapy—the effect of
irbesartan on circulating microparticles and endothelial progenitor
cells in patients with hypertension and dyslipidemia. Farmacia.
2014;62(1):93–106.

41. Chrzanowska-Wodnicka M, Kraus AE, Gale D, White GC,
Vansluys J. Defective angiogenesis, endothelial migration, prolif-
eration, and MAPK signaling in Rap1b-deficient mice. Blood.
2008;111(5):2647–56. doi:10.1182/blood-2007-08-109710.

42. Carmeliet P. Angiogenesis in life, disease and medicine. Nature.
2005;438(7070):932–6. doi:10.1038/nature04478.

43. Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its
receptors. NatMed. 2009;9(6):669–76. doi:10.1038/nm0603-669.

44. Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF,
Breitman ML, et al. Failure of blood-island formation and
vasculogenesis in Flk-1-deficient mice. Nature. 1995;376:62–6.
doi:10.1038/376062a0.

45. Rousseau S, Houle F, Landry J, Huota J. p38 MAP kinase activa-
tion by vascular endothelial growth factor mediates actin reorga-
nization and cell migration in human endothelial cells. Oncogene.
1997;15:2169–77. doi:10.1038/sj.onc.1201380.

46. Suárez Y, Fernández-Hernando C, Yu J, Gerber SA, Harrison KD,
Pober JS, et al. Dicer-dependent endothelial microRNAs are
necessart for postnatal angiogenesis. Proc Natl Acad Sci USA.
2008;105(37):14082–7. doi:10.1073/pnas.0804597105.

47. Wang P, Luo Y, Duan H, Xing S, Zhang J, Lu D, et al. MicroRNA
329 suppresses angiogenesis by targeting cd146. Mol Cell Biol.
2013;33(18):3689–99. doi:10.1128/MCB.00343-13.

48. Marek-Trzonkowska N, Kwieczynska A, Reiwer-Gostomska M,
Kolinski T, Molisz A, Siebert J. Arterial hypertension is charac-
terized by imbalance of pro-angiogenic versus anti-angiogenic
factors. PLoS One. 2015;10(5):e0126190. doi:10.1371/journal.
pone.0126190.

49. Davis BN, Hata A. Mechanisms of control of microRNA biogen-
esis. J Biochem. 2010;148(4):381–92. doi:10.1093/jb/mvq096.

50. Bartel DP. MicroRNAs: target recognition and regulatory func-
tion. Cell. 2009;136(2):215–33. doi:10.1016/j.cell.2009.01.002.

51. Garcia-Lopez J, del Mazo J. Expression dynamics of microRNA
biogenesis during preimplantation mouse development. Biochim
Biophys Acta. 2012;1819(8):847–54. doi:10.1016/j .
bbagrm.2012.03.007.

52. Tay Y, Kats L, Salmena L,Weiss D, Tan SM, Ala U, et al. Coding-
independent regulation of the tumor suppressor PTEN by compet-
ing endogenous mRNAs. Cell. 2011;147(2):344–57. doi:10.1016
/j.cell.2011.09.029.

53. Wang Y, Luo J, Zhang H, Lu J. MicroRNAs in the same clusters
evolve to coordinately regulate functionally related genes. Mol
Biol Evol. 2016;33(9):2232–47. doi:10.1093/molbev/msw089.

54. Chien S. Mechanotransduction and endothelial cell homeostasis:
the wisdom of the cell. Am J Physiol Heart Circ Physiol.
2007;292(3):H1209–24. doi:10.1152/ajpheart.01047.2006.

55. Califano JP, Reinhart-King CA. Exogenous and endogenous force
regulation of endothelial cell behavior. J Biomech. 2010;43(1):
79–86. doi:10.1016/j.jbiomech.2009.09.012.

56. Neth P, Nazari-Jahantigh M, Schober A, Weber C. MicroRNAs in
flow-dependent vascular remodelling. Cardiovasc Res.
2013;99(2):294–303. doi:10.1093/cvr/cvt096.

Curr Hypertens Rep (2016) 18: 87 Page 17 of 21 87

http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.02129
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.02129
http://dx.doi.org/10.1161/01.HYP.0000196735.85398.0e
http://dx.doi.org/10.1080/10715760701732830
http://dx.doi.org/10.1080/10715760701732830
http://dx.doi.org/10.1111/j.1476-5381.2011.01584.x
http://dx.doi.org/10.1152/ajpheart.00114.2008
http://dx.doi.org/10.1152/ajpheart.00114.2008
http://dx.doi.org/10.1089/ars.2007.1989
http://dx.doi.org/10.1161/01.HYP.0000146907.82869.f2
http://dx.doi.org/10.1161/01.HYP.0000146907.82869.f2
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.136572
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.136572
http://dx.doi.org/10.1097/01.hjh.0000084751.37215.d2
http://dx.doi.org/10.1097/01.hjh.0000084751.37215.d2
http://dx.doi.org/10.1089/ars.2007.1998
http://dx.doi.org/10.1080/10641960902977916
http://dx.doi.org/10.1080/10641960902977916
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.138305
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.138305
http://dx.doi.org/10.1161/ATVBAHA.108.170316
http://dx.doi.org/10.1097/MAJ.0b013e3181d7d496
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.137158
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.137158
http://dx.doi.org/10.1016/j.ejphar.2013.04.004
http://dx.doi.org/10.1182/blood-2007-08-109710
http://dx.doi.org/10.1038/nature04478
http://dx.doi.org/10.1038/nm0603-669
http://dx.doi.org/10.1038/376062a0
http://dx.doi.org/10.1038/sj.onc.1201380
http://dx.doi.org/10.1073/pnas.0804597105
http://dx.doi.org/10.1128/MCB.00343-13
http://dx.doi.org/10.1371/journal.pone.0126190
http://dx.doi.org/10.1371/journal.pone.0126190
http://dx.doi.org/10.1093/jb/mvq096
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1016/j.bbagrm.2012.03.007
http://dx.doi.org/10.1016/j.bbagrm.2012.03.007
http://dx.doi.org/10.1016/j.cell.2011.09.029
http://dx.doi.org/10.1016/j.cell.2011.09.029
http://dx.doi.org/10.1093/molbev/msw089
http://dx.doi.org/10.1152/ajpheart.01047.2006
http://dx.doi.org/10.1016/j.jbiomech.2009.09.012
http://dx.doi.org/10.1093/cvr/cvt096


57.•• Kumar S, Kim CW, Simmons RD, Jo H. Role of flow-sensitive
microRNAs in endothelial dysfunction and atherosclerosis.
Arterioscler Thromb Vasc Biol. 2014;34(10):2206–16.
doi:10.1161/ATVBAHA.114.303425. This paper makes a
comprehensively synthesis on new data concerning flow-
sensitive microRNAs in endothelial dysfunction and
atherosclerosis.

58. Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-
10a regulation of proinflammatory phenotype in athero-
susceptible endothelium in vivo and in vitro. Proc Natl Acad Sci
U S A. 2010;107:13450–5. doi:10.1073/pnas.1002120107.

59. Qin X, Wang X, Wang Y, Tang Z, Cui Q, Xi J, et al. MicroRNA-
19a mediates the suppressive effect of laminar flow on cyclin D1
expression in human umbilical vein endothelial cells. Proc Natl
Acad Sc i U S A. 2010 ;107 :3240–4 . do i : 10 .1073
/pnas.0914882107.

60. Wang KC, Garmire LX, Young A, Nguyen P, Trinh A,
Subramaniam S, et al. Role of microRNA-23b in flow-
regulation of Rb phosphorylation and endothelial cell growth.
Proc Natl Acad Sci U S A. 2010;107:3234–9. doi:10.1073
/pnas.0914825107.

61. Zhao JL, Rao DS, Boldin MP, Taganov KD, O’Connell RM,
Baltimore D. NF-kappaB dysregulation in microRNA-146a-
deficient mice drives the development of myeloid malignancies.
Proc Natl Acad Sci U S A. 2011;108:9184–9. doi:10.1073
/pnas.1105398108.

62. Sun X, Icli B, Wara AK, Belkin N, He S, Kobzik L, et al.
MicroRNA-181b regulates NF-kappaB-mediated vascular in-
flammation. J Clin Invest. 2012;122:1973–90. doi:10.1172
/JCI61495.

63. Ma S, Tian XY, Zhang Y, Mu C, Shen H, Bismuth J, et al. E-
selectin-targeting delivery of microRNAs by microparticles ame-
liorates endothelial inflammation and atherosclerosis. Sci Rep.
2016;6:22910. doi:10.1038/srep22910.

64. Hergenreider E, Heydt S, Treguer K, Boettger T, Horrevoets AJ,
Zeiher AM, et al. Atheroprotective communication between endo-
thelial cells and smooth muscle cells through miRNAs. Nature
Cell Biol. 2012;14:249–56. doi:10.1038/ncb2441.

65. ClimentM,QuintavalleM,MiragoliM, Chen J, Condorelli G, Elia L.
TGFβ triggers miR-143/145 transfer from smooth muscle cells to
endothelial cells, thereby modulating vessel stabilization. Circ Res.
2015;116:1753–64. doi:10.1161/CIRCRESAHA.116.305178.

66. Njock MS, Cheng HS, Dang LT, Nazari-Jahantigh M, Lau AC,
Boudreau E, et al. Endothelial cells suppress monocyte activation
through secretion of extracellular vesicles containing
antiinflammatory microRNAs. Blood. 2015;125(20):3202–12.
doi:10.1182/blood-2014-11-611046.

67. Laughlin MH, Newcomer SC, Bender SB. Importance of hemo-
dynamic forces as signals for exercise-induced changes in endo-
thelial cell phenotype. J Appl Physiol. 2008;104(3):588–600.
doi:10.1152/japplphysiol.01096.2007.

68. Li Q, Youn JY, Cai H. Mechanisms and consequences of endothelial
nitric oxide synthase dysfunction in hypertension. J Hypertens.
2015;33(6):1128–36. doi:10.1097/HJH.0000000000000587.

69. Simionescu N, Niculescu LS, Carnuta MG, Sanda GM, Stancu
CS, Popescu AC, et al. Hyperglycemia determines increased spe-
cific micrornas levels in sera and HDL of acute coronary syn-
drome patients and stimulates micrornas production in human
macrophages. PLoS One. 2016;11(8):e0161201. doi:10.1371
/journal.pone.0161201.

70. Niculescu LS, Simionescu N, Sanda GM, Carnuta MG, Carnuta,
Stancu CS, et al. Mir-486 and mir-92a identified in circulating
HDL discriminate between stable and vulnerable coronary artery
disease patients. PLoS One. 2015;10(10):e0140958. doi:10.1371
/journal.pone.0140958.

71. Simionescu N, Niculescu LS, Sanda GM, Margina D, Sima AV.
Analysis of circulating microRNAs that are specifically increased
in hyperlipidemic and/or hyperglycemic sera. Mol Biol Rep.
2014;41(9):5765–73. doi:10.1007/s11033-014-3449-2.

72. Navickas R, Gal D, Laucevičius A, Taparauskaitė A, Zdanytė M,
Holvoet P. Identifying circulating microRNAs as biomarkers of
cardiovascular disease: a systematic review. Cardiovasc Res.
2016;111(4):322–37. doi:10.1093/cvr/cvw174.

73. Zampetaki A, Willeit P, Tilling L, Drozdov I, Prokopi M, Renard
JM, et al. Prospective study on circulating microRNAs and risk of
myocardial infarction. J Am Coll Cardiol. 2012;60(4):290–9.
doi:10.1016/j.jacc.2012.03.056.

74. Shi L, Fisslthaler B, Zippel N, Frömel T, Hu J, Elgheznawy A, et al.
MicroRNAs-223 antagonises angiogenesis by targeting beta1 integrin
and preventing growth factor signaling in endothelial cells. Circ Res.
2013;113(12):1320–30. doi:10.1161/CIRCRESAHA.113.301824.

75. Taïbi F, Metzinger-Le Meuth V, Massy ZA, Metzinger L. miR-
223: an inflammatory oncomiR enters the cardiovascular field.
Biochim Biophys Acta. 2014;1842(7):1001–9. doi:10.1016/j.
bbadis.2014.03.005.

76. WenD, Qiao P,Wang L. CirculatingmicroRNA-223 as a potential
biomarker for obesity. Obes Res Clin Pract. 2015;9(4):398–404.
doi:10.1016/j.orcp.2015.01.006.

77. Zile MR, Mehurg SM, Arroyo JE, Stroud RE, DeSantis SM,
Spinale FG. Relationship between the temporal profile of plasma
microRNA and left ventricular remodeling in patients following
myocardial infarction. Circ Cardiovasc Genet. 2011;4(6):614–9.
doi:10.1161/CIRCGENETICS.111.9598414.

78. Dickinson BA, Semus HM, Montgomery RL, Stack C, Latimer
PA, Lewton SM, et al. Plasma microRNAs serve as biomarkers of
therapeutic efficacy and disease progression in hypertension-
induced heart failure. Eur J Heart Fail. 2013;15(6):650–9.
doi:10.1093/eurjhf/hft018.

79. Te Riet L, van Esch JH, Roks AJ, van den Meiracker AH, Danser
AH. Hypertension: renin-angiotensin-aldosterone system alter-
at ions. Circ Res. 2015;116(6):960–75. doi :10.1161
/CIRCRESAHA.116.303587.

80. Bátkai S, Thum T. MicroRNAs in hypertension: mechanisms and
therapeutic targets. Curr Hypertens Rep. 2012;14(1):79–87.
doi:10.1007/s11906-011-0235-6.

81. Pacurari M, Tchounwou PB. Role of microRNAs in renin-
angiotensin-aldosterone system-mediated cardiovascular inflam-
mation and remodeling. Int J Inflam. 2015;2015:101527.
doi:10.1155/2015/101527.

82. Wang HB, Yang J. The role of renin-angiotensin aldosterone sys-
tem related micro-ribonucleic acids in hypertension. Saudi Med J.
2015;36(10):1151–5. doi:10.15537/smj.2015.10.12458.

83. Marques FZ, Campain AE, Tomaszewski M, Zukowska-
Szczechowska E, Yang YH, Charchar FJ, et al. Gene expression
profiling reveals reninmRNAoverexpression in human hypertensive
kidneys and a role for microRNAs. Hypertension. 2011;58(6):1093–
8. doi:10.1161/HYPERTENSIONAHA.111.180729.

84. Jackson KL, Marques FZ, Watson AM, Palma-Rigo K, Nguyen-
Huu TP, Morris BJ, et al. A novel interaction between sympathetic
overactivity and aberrant regulation of renin bymiR-181a in BPH/
2J genetically hypertensive mice. Hypertension. 2013;62(4):775–
81. doi:10.1161/HYPERTENSIONAHA.113.0170.

85. Boettger T, Beetz N, Kostin S, Schneider J, Krüger M, Hein L,
et al. Acquisition of the contractile phenotype by murine arterial
smooth muscle cells depends on the Mir143/145 gene cluster. J
Clin Invest. 2009;119(9):2634–47. doi:10.1172/JCI38864.

86.•• Kohlstedt K, Trouvain C, Boettger T, Shi L, Fisslthaler B, Fleming
I. AMP-activated protein kinase regulates endothelial cell
angiotensin-converting enzyme expression via p53 and the post-
transcriptional regulation of microRNA-143/145. Circ Res.
2013;112(8):1150–8. The findings in this article may provide

87 Page 18 of 21 Curr Hypertens Rep (2016) 18: 87

http://dx.doi.org/10.1161/ATVBAHA.114.303425
http://dx.doi.org/10.1073/pnas.1002120107
http://dx.doi.org/10.1073/pnas.0914882107
http://dx.doi.org/10.1073/pnas.0914882107
http://dx.doi.org/10.1073/pnas.0914825107
http://dx.doi.org/10.1073/pnas.0914825107
http://dx.doi.org/10.1073/pnas.1105398108
http://dx.doi.org/10.1073/pnas.1105398108
http://dx.doi.org/10.1172/JCI61495
http://dx.doi.org/10.1172/JCI61495
http://dx.doi.org/10.1038/srep22910
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1161/CIRCRESAHA.116.305178
http://dx.doi.org/10.1182/blood-2014-11-611046
http://dx.doi.org/10.1152/japplphysiol.01096.2007
http://dx.doi.org/10.1097/HJH.0000000000000587
http://dx.doi.org/10.1371/journal.pone.0161201
http://dx.doi.org/10.1371/journal.pone.0161201
http://dx.doi.org/10.1371/journal.pone.0140958
http://dx.doi.org/10.1371/journal.pone.0140958
http://dx.doi.org/10.1007/s11033-014-3449-2
http://dx.doi.org/10.1093/cvr/cvw174
http://dx.doi.org/10.1016/j.jacc.2012.03.056
http://dx.doi.org/10.1161/CIRCRESAHA.113.301824
http://dx.doi.org/10.1016/j.bbadis.2014.03.005
http://dx.doi.org/10.1016/j.bbadis.2014.03.005
http://dx.doi.org/10.1016/j.orcp.2015.01.006
http://dx.doi.org/10.1161/CIRCGENETICS.111.9598414
http://dx.doi.org/10.1093/eurjhf/hft018
http://dx.doi.org/10.1161/CIRCRESAHA.116.303587
http://dx.doi.org/10.1161/CIRCRESAHA.116.303587
http://dx.doi.org/10.1007/s11906-011-0235-6
http://dx.doi.org/10.1155/2015/101527
http://dx.doi.org/10.15537/smj.2015.10.12458
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180729
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.0170
http://dx.doi.org/10.1172/JCI38864


a link between endothelial cell metabolism and post-
transcriptional miRNA maturation in cardiovascular disease,
showing the increase of endothelial levels of miR-143/145 due
to activated AMPK/p53 pathway.

87. Hu B, Song JT, Qu HY, Bi CL, Huang XZ, Liu XX, et al.
Mechanical stretch suppresses microRNA-145 expression by ac-
tivating extracellular signal-regulated kinase 1/2 and upregulating
angiotensin-converting enzyme to alter vascular smooth muscle
cell phenotype. PLoS One. 2014;9(5):e96338. doi:10.1371
/journal.pone.0096338.

88. Jeppesen PL, Christensen GL, Schneider M, Nossent AY, Jensen
HB, Andersen DC, et al. Angiotensin II type 1 receptor signalling
regulates microRNA differentially in cardiac fibroblasts and
myocytes. Br J Pharmacol. 2011;164(2):394–404. doi:10.1111
/j.1476-5381.2011.013.75.x.

89. Eskildsen TV, Jeppesen PL, Schneider M, Nossent AY, Sandberg
MB, Hansen PB, et al. Angiotensin II regulates microRNA-132/-
212 in hypertensive rats and humans. Int J Mol Sci. 2013;14(6):
11190–207. doi:10.3390/ijms140611190.

90. Zhan Y, Brown C, Maynard E, Anshelevich A, NiW, Ho IC, et al.
Ets-1 is a critical regulator of Ang II-mediated vascular inflamma-
tion and remodeling. J Clin Invest. 2005;115(9):2508–16.
doi:10.1172/JCI24403.

91. Zhu N, Zhang D, Chen S, Liu X, Lin L, Huang X, et al.
Endothelial enriched microRNAs regulate angiotensin II-
induced endo the l i a l in f l ammat ion and migra t ion .
Atherosclerosis. 2011;215(2):286–93. doi:10.1016/j.
atherosclerosis.2010.12.024.

92. ChengW, Liu T, Jiang F, Liu C, Zhao X, Gao Y, et al. MicroRNA-
155 regulates angiotensin II type 1 receptor expression in umbil-
ical vein endothelial cells from severely pre-eclamptic pregnant
women. Int J Mol Med. 2011;27(3):393–9. doi:10.3892
/ijmm.2011.598.

93. Yang Y, Zhou Y, Cao Z, Tong XZ, Xie HQ, Luo T, et al. MiR-155
functions downstream of angiotensin II receptor subtype 1 and
calcineurin to regulate cardiac hypertrophy. ExpTher Med.
2016;12(3):1556–62. doi:10.3892/etm.2016.3506.

94. Sun HX, Zeng DY, Li RT, Pang RP, Yang H, Hu YL, et al.
Essential role of microRNA-155 in regulating endothelium-
dependent vasorelaxation by targeting endothelial nitric oxide
synthase. Hypertension. 2012;60(6):1407–14. doi:10.1161
/HYPERTENSIONAHA.112.197301.

95.• Chen LJ, Xu R, Yu HM, Chang Q, Zhong JC. The ACE2/apelin
signaling, microRNAs, and hypertension. Int J Hypertens.
2015;2015:896861. doi:10.1155/2015/896861. This paper
gives an overview of the interactions and crosstalk among
the ACE2/Apelin signaling, microRNAs, and hypertension.

96.• Kemp JR, Unal H, Desnoyer R, Yue H, Bhatnagar A, Karnik SS.
Angiotensin II-regulated microRNA 483-3p directly targets mul-
tiple components of the renin-angiotensin system. J Mol Cell
Cardiol. 2014;75:25–39. doi:10.1016/j.yjmcc.2014.06.008. In
this paper, the authors provide evidence that the insulin-like
growth factor 2 gene (IGF2) encodedmiR-483-3p is important
in the homeostatic regulation of tissue RAS components.

97. Sethupathy P, Borel C, Gagnebin M, Grant GR, Deutsch S, Elton
TS, et al. Human microRNA-155 on chromosome 21 differential-
ly interacts with its polymorphic target in the AGTR1 3′ untrans-
lated region: a mechanism for functional single-nucleotide poly-
morphisms related to phenotypes. Am J Hum Genet. 2007;81(2):
405–13. doi:10.1086/519979.

98. Ceolotto G, Papparella I, Bortoluzzi A, Strapazzon G, Ragazzo F,
Bratti P, et al. Interplay between miR-155, AT1R A1166C poly-
morphism, and AT1R expression in young untreated hyperten-
sives. Am J Hypertens. 2011;24(2):241–6. doi:10.1038
/ajh.2010.211.

99. Yang Z, Kaye DM. Mechanistic insights into the link between a
polymorphism of the 3′UTR of the SLC7A1 gene and hyperten-
sion. Hym Mutat. 2009;30(3):328–33. doi:10.1002/humu.20891.

100. Yang Z, Venardos K, Jones E, Morris BJ, Chin-Dusting J.
Identification of a novel polymorphism in the 3′UTR of the L-
arginine transporter gene SLC7A1: contribution to hypertension
and endothelial dysfunction. Circulation. 2007;115(10):1269–74.
doi:10.1161/CIRCULATIONAHA.106.665836.

101. Li N, HwangboC, Jaba IM, Zhang J, Papangeli I, Han J, et al.Mir-
182 modulates myocardial hypertrophic response induced by an-
giogenesis in heart. Sci Rep. 2016;6:21228. doi:10.1038
/srep21228.

102. Pankratz F, Bemtgen X, Zeiser R, Leonhardt F, Kreuzaler S,
Hilgendorf I, et al. Microrna-155 exerts cell-specific
antiangiogenic but proarteriogenic effects during adaptive neovas-
cularization. Circulation. 2015;131(18):1575–89. doi:10.1161
/CIRCULATIONAHA.114.014579.

103. Suárez Y, Fernández-Hernando C, Pober JS, Sessa WC. Dicer
dependent microRNAs regulate gene expression and functions in
human endothelial cells. Circ Res. 2007;100(8):1164–73.
doi:10.1161/01.RES.0000265065.26744.17.

104. Celic T, Meuth VM, Massy IS, Metzinger L. The mir-221/222
cluster is a key player in vascular biology via the fine-tuning of
endothelial cell physiology. Curr Vasc Pharmacol. 2016.
doi:10.2174/1570161114666160914175149.

105. Chistiakov DA, Sobenin IA, Orekhov AN, Bobryshev YV.
Human miR-221/222 in physiological and atherosclerotic vascu-
lar remodeling. Biomed Res Int. 2015;2015:354517. doi:10.1155
/2015/354517.

106. Cerda A, Fajardo CM, Basso RG, Hirata MH, Hirata RD. Role of
microRNAs 221/222 on statin induced nitric oxide release in hu-
man endothelial cells. Arq Bras Cardiol. 2015;104(3):195–201.
doi:10.5935/abc.20140192.

107. Zhang W, Yan L, Li Y, Chen W, Hu N, Wang H, et al. Roles of
miRNA-24 in regulating endothelial nitric oxide synthase expres-
sion and vascular endothelial cell proliferation.Mol Cell Biochem.
2015;405(1-2):281–9. doi:10.1007/s11010-015-2418-y.

108.• Kontaraki JE, Marketou ME, Zacharis EA, Parthenakis FI, Vardas
PE. MicroRNA-9 and microRNA-126 expression levels in pa-
tients with essential hypertension: potential markers of target-
organ damage. J American Soc Hypertens JASH. 2014;8(6):
368–75. doi:10.1016/j.jash.2014.03.324. This is an interesting
original article that emphases the role of miR-9 and miR-126
in endothelial dysfunction associated hypertension.

109. Deng L, Blanco FJ, Stevens H, Lu R, Caudrillier A, McBride M,
et al. MicroRNA-143 activation regulates smooth muscle and en-
dothelial cell crosstalk in pulmonary arterial hypertension. Circ
R e s . 2 0 1 5 ; 1 1 7 ( 1 0 ) : 8 7 0 – 8 3 . d o i : 1 0 . 1 1 6 1
/CIRCRESAHA.115.306806.

110. Jiang Q, Lagos-Quintana M, Liu D, Shi Y, Helker C, Herzog W,
et al. MiR-30a regulates endothelial tip cell formation and arteri-
olar branching. Hypertension. 2013;62(3):592–8. doi:10.1161
/HYPERTENSIONAHA.113.01767.

111. Bi R, Bao C, Jiang L, Liu H, Yang Y, Mei J, et al. MicroRNA-27b
plays a role in pulmonary arterial hypertension by modulating
peroxisome proliferator-activated receptor γ dependent Hsp90-
eNOS signaling and nitric oxide production. Biochem Biophys
Res Commun. 2015;460(2) :469–75. doi :10.1016/ j .
bbrc.2015.03.057.

112. Maejima Y, Kuroda J, Matsushima S, Ago T, Sadoshima J.
Regulation of myocardial growth and death by NADPH oxidase.
J Mol Cell Cardiol. 2011;50(3):408–16. doi:10.1016/j.
yjmcc.2010.12.018.

113. Cheng X, Siow RC, Mann GE. Impaired redox signaling and
antioxidant gene expression in endothelial cells in diabetes: a role
for mitochondria and the nuclear factor-E2-related factor 2-Kelch-

Curr Hypertens Rep (2016) 18: 87 Page 19 of 21 87

http://dx.doi.org/10.1371/journal.pone.0096338
http://dx.doi.org/10.1371/journal.pone.0096338
http://dx.doi.org/10.1111/j.1476-5381.2011.013.75.x
http://dx.doi.org/10.1111/j.1476-5381.2011.013.75.x
http://dx.doi.org/10.3390/ijms140611190
http://dx.doi.org/10.1172/JCI24403
http://dx.doi.org/10.1016/j.atherosclerosis.2010.12.024
http://dx.doi.org/10.1016/j.atherosclerosis.2010.12.024
http://dx.doi.org/10.3892/ijmm.2011.598
http://dx.doi.org/10.3892/ijmm.2011.598
http://dx.doi.org/10.3892/etm.2016.3506
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.197301
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.197301
http://dx.doi.org/10.1155/2015/896861
http://dx.doi.org/10.1016/j.yjmcc.2014.06.008
http://dx.doi.org/10.1086/519979
http://dx.doi.org/10.1038/ajh.2010.211
http://dx.doi.org/10.1038/ajh.2010.211
http://dx.doi.org/10.1002/humu.20891
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.665836
http://dx.doi.org/10.1038/srep21228
http://dx.doi.org/10.1038/srep21228
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.014579
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.014579
http://dx.doi.org/10.1161/01.RES.0000265065.26744.17
http://dx.doi.org/10.2174/1570161114666160914175149
http://dx.doi.org/10.1155/2015/354517
http://dx.doi.org/10.1155/2015/354517
http://dx.doi.org/10.5935/abc.20140192
http://dx.doi.org/10.1007/s11010-015-2418-y
http://dx.doi.org/10.1016/j.jash.2014.03.324
http://dx.doi.org/10.1161/CIRCRESAHA.115.306806
http://dx.doi.org/10.1161/CIRCRESAHA.115.306806
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01767
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01767
http://dx.doi.org/10.1016/j.bbrc.2015.03.057
http://dx.doi.org/10.1016/j.bbrc.2015.03.057
http://dx.doi.org/10.1016/j.yjmcc.2010.12.018
http://dx.doi.org/10.1016/j.yjmcc.2010.12.018


like ECH-associated protein 1 defense pathway. Antioxid Redox
Signal. 2011;14(3):469–87. doi:10.1089/ars.2010.3283.

114. Thulasingam S, Massilamany C, Gangaplara A, Dai H, Yarbaeva
S, Subramaniam S, et al. MiR-27b*, an oxidative stress-responsive
microRNA modulates nuclear factor-κB pathway in RAW 264.7
cells. Mol Cell Biochem. 2011;352(1-2):181–8. doi:10.1007
/s11010-011-0752-2.

115.•• Wang L, Yuan Y, Li J, Ren H, Cai Q, Chen X, et al. MicroRNA-1
aggravates cardiac oxidative stress by post-transcriptional modifi-
cation of the antioxidant network. Cell Stress and Chaperones.
2015;20(3):411. doi:10.1007/s12192-014-0565-9. This is a
reference work concerning the redox sensitive miR-1,
highlighting his connection with redox-related proteins in the
vascular endothelial dysfunction.

116. Yildirim SS, Akman D, Catalucci D, Turan B. Relationship be-
tween downregulation of miRNAs and increase of oxidative stress
in the development of diabetic cardiac dysfunction: junctin as a
target protein of miR-1. Cell Biochem Biophys. 2013;67(3):1397–
408. doi:10.1007/s12013-013-9672-y.

117. Magenta A, Greco S, Gaetano C, Martelli F. Oxidative stress and
microRNAs in vascular diseases. Int J Mol Sci. 2013;14(9):
17319–46. doi:10.3390/ijms140917319.

118. Dolado I, Swat A, Ajenjo N, de Vita G, Cuadrado A, Nebreda AR.
p38alpha MAP kinase as a sensor of reactive oxygen species in
tumorigenesis. Cancer Cell. 2007;11(2):191–205. doi:10.1016/j.
ccr.2006.12.013.

119. Hui L, Bakiri L, Mairhorfer A, Schweifer N, Haslinger C, Kenner
L, et al. p38alpha suppresses normal and cancer cell proliferation
by antagonizing the JNK-c-Jun pathway. Nat Genet. 2007;39(6):
741–9. doi:10.1038/ng2033.

120. Hulsmans M, Holvoet P. The vicious circle between oxidative
stress and inflammation in atherosclerosis. J Cell Mol Med.
2010;14(1-2):70–8. doi:10.1111/j.1582-4934.2009.00978.x.

121. Li H, ZhangX,Wang F, Zhou L, Yin Z, Fan J, et al. MicroRNA-21
lowers blood pressure in spontaneous hypertensive rats by upreg-
ulating mitochondrial translation. Circulation. 2016;134(10):734–
51. doi:10.1161/CIRCULATIONAHA.116.023926.

122. Yasunari K, Maeda K, Nakamura M, Yoshikawa J. Oxidative
stress in leukocytes is a possible link between blood pressure,
blood glucose, and C-reacting protein. Hypertension.
2002;39(3):777–80. doi:10.1161/hy0302.104670.

123. Harris TA, Yamakuchi M, Ferlito M, Mendell JT, Lowenstein CJ.
MicroRNA-126 regulates endothelial expression of vascular cell
adhesion molecule 1. Proc Natl Acad Sci U S A. 2008;105(5):
1516–21. doi:10.1073/pnas.0707493105.

124.•• Harris TA, Yamakuchi M, Kondo M, Oettgen P, Lowenstein CJ.
Ets-1 and Ets-2 regulate the expression of microRNA-126 in en-
dothelial cells. Arterioscler Thromb Vasc Biol. 2010;30(10):
1990–7. doi:10.1161/ATVBAHA.110.211706. This original
article highlights the important role of microRNA-126 in en-
dothelial cells in mediating angiogenesis and vascular inflam-
mation: Ets-1 and Ets-2 have been found to play a key role in
controlling the expression of miR-126.

125. Fichtlscherer S, De Rosa S, Fox H, Schwietz T, Fischer A,
Liebetrau C, et al. Circulating microRNAs in patients with coro-
nary artery disease. Circ Res. 2010;107(5):677–84. doi:10.1161
/CIRCRESAHA.109.215566.

126. Cheng HS, Sivachandran N, Lau A, Boudreau E, Zhao JL,
Baltimore D, et al. MicroRNA-146 represses endothelial activa-
tion by inhibiting pro-inflammatory pathways. EMBO Mol Med.
2013;5(7):1017–34. doi:10.1002/emmm.201202318.

127. Sato T, Liu X, Nelson A, Nakanishi M, Kanaji N, Wang X, et al.
Reduced miR-146a increases prostaglandin E2 in chronic obstruc-
tive pulmonary disease fibroblasts. Am J Respir Crit Care Med.
2010;182(8):1020–9. doi:10.1164/rccm.201001-0055OC.

128. Tsitsiou E, Williams AE, Moschos SA, Patel K, Rossios C, Jiang
X, et al. Transcriptome analysis shows activation of circulating
CD8+ T cells in patients with severe asthma. J Allergy Clin
Immunol. 2012;129(1):95–103. doi:10.1016/j.jaci.2011.08.011.

129. Sun X, Belkin N, Feinberg MV. Endothelial microRNAs and ath-
erosclerosis. Curr Atheroscler Rep. 2013;15(12):372. doi:10.1007
/s11883-013-0372-2.

130. Zhang XY, Shen BR, Zhang YC, Wan XJ, Yao QP, Wu GL, et al.
Induction of thoracic aortic remodeling by endothelial-specific
deletion of microRNA-21 in mice. PLoS One. 2013;8(3):
e59002. doi:10.1371/journal.pone.0059002.

131. Li D, Yang P, Xiong Q, Song X, Yang X, Liu L, et al. MicroRNA-
125a/b-5p inhibits endothelin-1 expression in vascular endothelial
cells. J Hypertens. 2010;28(8):1646–54. doi:10.1097/HJH.0b013
e32833a4922.

132. Soubrier F, Chung WK, Machado R, Grünig E, Aldred M, Geraci
M, et al. Genetics and genomics of pulmonary arterial hyperten-
sion. Turk Kardiyol Dern Ars. 2014;42(1):17–28. doi:10.1016/j.
jacc.2013.10.035.

133. Afonyushkin T, Oskolkova OV, Bochkov VN. Permissive role of
miR-663 in induction of VEGF and activation of the ATF4 branch
of unfolded protein response in endothelial cells by oxidized phos-
pholipids. Atherosclerosis. 2012;225(1):50–5. doi:10.1016/j.
atherosclerosis.2012.06.016.

134. Zhang JF, Fu WM, He ML, Wang H, Wang WM, Yu SC, et al.
miR-637 maintains the balance between adipocytes and osteo-
blasts by directly targeting Os- terix. Mol Biol Cell.
2011;22(21):3955–61. doi:10.1091/mbc.E11-04-0356.

135. Lisse TS, Chun RF, Rieger S, Adams JS, Hewison M. Vitamin D
activation of functionally distinct regulatory miRNAs in primary
human os-teoblasts. J Bone Miner Res. 2013;28(6):1478–88.
doi:10.1002/jbmr.1882.

136. Yu Y, Yao Y, Yan H, Wang R, Zhang Z, Sun X. A tumor-specific
microRNA recognition system facilitates the accurate targeting to
tumor cells by magnetic nanoparticles. Mol Ther Nucleic Acids.
2016;5:e318. doi:10.1038/mtna.2016.28.

137. Fiedler J, Jazbutyte V, Kirchmaier BC, Gupta SK, Lorenzen J,
Hartmann D, et al. MicroRNA-24 regulates vascularity after myo-
cardial infarction. Circulation. 2011;124(6):720–30. doi:10.1161
/CIRCULATIONAHA.111.039008.

138. Menghini R, Casagrande V, Cardellini M, Martelli E, Terrinoni A,
Amati F, et al. MicroRNA 217 modulates endothelial cell senes-
cence via silent information regulator 1. Circulation.
2 0 0 9 ; 1 2 0 ( 1 5 ) : 1 5 2 4 – 3 2 . d o i : 1 0 . 1 1 6 1
/CIRCULATIONAHA.109.864629.

139. Potus F, Ruffenach G, Dahou A, Thebault C, Breuils-Bonnet S,
Tremblay È, et al. Downregulation of mir-126 contributes to the
failing right ventricle in pulmonary arterial hypertension.
C i r c u l a t i o n . 2 015 ; 1 32 ( 1 0 ) : 9 32–43 . do i : 1 0 . 1161
/CIRCULATIONAHA.115.016382.

140. das Neves VJ, Fernandes T, Roque FR, Soci UP, Melo S, de
Oliveira EM. Exercise training in hypertension: role of
microRNAs. World J Cardiol. 2014;6(8):713–27. doi:10.4330
/wjc.v6.i8.713.

141. Fernandes T, Magalhães FC, Roque FR, PhillipsMI, Oliviera EM.
Exercise training prevents the microvascular rarefaction in hyper-
tension balancing angiogenic and apoptotic role of microRNAs-
16, -21 and -126. Hypertension. 2012;59(2):513–20. doi:10.1161
/HYPERTENSIONAHA.111.185801.

142. Silva DA, Jr ND, Fernandes T, Soci UP, Monteiro AW, Phillips
MI, et al. Swimming training in rats increases cardiac MicroRNA-
126 expression and angiogenesis. Med Sci Sports Exerc.
2012;44(8):1453–62. doi:10.1249/MSS.0b013e31824e8a36.

143. Wang K, Long B, Zhou J, Li PF. MiR-9 and NFATc3 regulate
myocardin in cardiac hypertrophy. J Biol Chem. 2010;285(16):
11903–12. doi:10.1074/jbc.M109.098004.

87 Page 20 of 21 Curr Hypertens Rep (2016) 18: 87

http://dx.doi.org/10.1089/ars.2010.3283
http://dx.doi.org/10.1007/s11010-011-0752-2
http://dx.doi.org/10.1007/s11010-011-0752-2
http://dx.doi.org/10.1007/s12192-014-0565-9
http://dx.doi.org/10.1007/s12013-013-9672-y
http://dx.doi.org/10.3390/ijms140917319
http://dx.doi.org/10.1016/j.ccr.2006.12.013
http://dx.doi.org/10.1016/j.ccr.2006.12.013
http://dx.doi.org/10.1038/ng2033
http://dx.doi.org/10.1111/j.1582-4934.2009.00978.x
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.023926
http://dx.doi.org/10.1161/hy0302.104670
http://dx.doi.org/10.1073/pnas.0707493105
http://dx.doi.org/10.1161/ATVBAHA.110.211706
http://dx.doi.org/10.1161/CIRCRESAHA.109.215566
http://dx.doi.org/10.1161/CIRCRESAHA.109.215566
http://dx.doi.org/10.1002/emmm.201202318
http://dx.doi.org/10.1164/rccm.201001-0055OC
http://dx.doi.org/10.1016/j.jaci.2011.08.011
http://dx.doi.org/10.1007/s11883-013-0372-2
http://dx.doi.org/10.1007/s11883-013-0372-2
http://dx.doi.org/10.1371/journal.pone.0059002
http://dx.doi.org/10.1097/HJH.0b013e32833a4922
http://dx.doi.org/10.1097/HJH.0b013e32833a4922
http://dx.doi.org/10.1016/j.jacc.2013.10.035
http://dx.doi.org/10.1016/j.jacc.2013.10.035
http://dx.doi.org/10.1016/j.atherosclerosis.2012.06.016
http://dx.doi.org/10.1016/j.atherosclerosis.2012.06.016
http://dx.doi.org/10.1091/mbc.E11-04-0356
http://dx.doi.org/10.1002/jbmr.1882
http://dx.doi.org/10.1038/mtna.2016.28
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.039008
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.039008
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.864629
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.864629
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.016382
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.016382
http://dx.doi.org/10.4330/wjc.v6.i8.713
http://dx.doi.org/10.4330/wjc.v6.i8.713
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.185801
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.185801
http://dx.doi.org/10.1249/MSS.0b013e31824e8a36
http://dx.doi.org/10.1074/jbc.M109.098004


144. Safar ME, Nilsson PM, Blacher J, Mimran A. Pulse pressure,
arterial stiffness, and endorgan damage. Curr Hypertens Rep.
2012;14(4):339–44. doi:10.1007/s11906-012-0272-9.

145. Yang Q, Jia C, Wang P, Xiong M, Cui J, Li L. MicroRNA-505
identified from patients with essential hypertension impairs endo-
thelial cell migration and tube formation. Int J Cardiol.
2014;177(3):925–34. doi:10.1016/j.ijcard.2014.09.204.

146. Gupta SK, Bang C, Thum T. Circulating microRNAs as bio-
markers and potential paracrine mediators of cardiovascular dis-
ease. Circ Cardiovasc Genet. 2010;3(5):484–8. doi:10.1161
/CIRCGENETICS.110.958363.

147. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya
T. Secretory mechanisms and intercellular transfer of microRNAs
in living cells. J Biol Chem. 2010;285(23):17442–52. doi:10.1074
/jbc.M110.10782.

148. Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, et al. Secreted
monocytic miR-150 enhances targeted endothelial cell migration.
Mol Cell. 2010;39(1):133–44. doi:10.1016/j.molcel.2010.06.010.

149. Melo SA, Sugimoto H, O’Connell JT, Kato N, Villanueva A,
Vidal A, et al. Cancer exosomes perform cell-independent
microRNA biogenesis and promote tumorigenesis. Cancer Cell.
2014;26(5):707–21. doi:10.1016/j.ccell.2014.09.005.

150. Pigati L, Yaddanapudi SCS, Iyengar R, Kim D-J, Hearn SA,
Danforth D, et al. Selective release of microRNA species from
normal and malignant mammary epithelial cells. PLoS One.
2010;5(10):e13515. doi:10.1371/journal.pone.0013515.

151. Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, et al.
Microparticles: major transport vehicles for distinct microRNAs in
circulation. Cardiovasc Res. 2012;93(4):633–44. doi:10.1093
/cvr/cvs007.

152. Meckes Jr DG, Shair KH, Marquitz AR, Kung CP, Edwards RH,
Raab-Traub N. Human tumor virus utilizes exosomes for intercel-
lular communication. Proc Natl Acad Sci U S A. 2010;107(47):
20370–5. doi:10.1073/pnas.1014194107.

153. Squadrito ML, Baer C, Burdet F, Maderna C, Gilfillan GD, Lyle
R, et al. Endogenous RNAs modulate microRNA sorting to
exosomes and transfer to acceptor cells. Cell Rep. 2014;8(5):
1432–46. doi:10.1016/j.celrep.2014.07.035.

154. Zong L, Zhu Y, Liang R, Zhao H-B. Gap junction mediated
miRNA intercellular transfer and gene regulation: a novel mech-
anism for intercellular genetic communication. Sci Rep. 2016;6:
19884. doi:10.1038/srep19884.

155. Müller G, Schneider M, Biemer-Daub G, Wied S. Microvesicles
r e l e a s e d f r o m r a t a d i p o c y t e s a n d h a r b o r i n g
glycosylphosphatidylinositol-anchored proteins transfer RNA
stimulating lipid synthesis. Cell Signal. 2011;23(7):1207–23.
doi:10.1016/j.cellsig.2011.03.013.

156. Ortega FJ, Moreno M, Mercader JM, Moreno-Navarrete JM,
Fuentes-Batllevell N, Sabater M, et al. Inflammation triggers spe-
cific microRNA profiles in human adipocytes and macrophages
and in their supernatants. Clinical. 2015;7:49. doi:10.1186
/s13148-015-0083-3.

157. Zhuang G, Wu X, Jiang Z, Kasman I, Yao J, Guan Y, et al.
Tumour-secreted miR-9 promotes endothelial cell migration and
angiogenesis by activating the JAK-STAT pathway. EMBO J.
2012;31(17):3513–23. doi:10.1038/emboj.2012.183.

158. Ortega FJ,Mercader JM, Catalán V,Moreno-Navarrete JM, Pueyo
N, Sabater M, et al. Targeting the circulating microRNA signature
of obesity. Clin Chem. 2013;59(5):781–92. doi:10.1373
/clinchem.2012.195776.

159. Ogawa R, Tanaka C, Sato M, Nagasaki H, Sugimura K, Okumura
K, et al. Adipocyte-derived microvesicles contain RNA that is
transported into macrophages and might be secreted into blood
circulation. N Biochem Biophys Res Commun. 2010;398(4):
723–9. doi:10.1016/j.bbrc.2010.07.008.

160. Ge Q, Brichard S, Yi X, Li Q. microRNAs as a new mechanism
regulating adipose tissue inflammation in obesity and as a novel
therapeutic strategy in the metabolic syndrome. J Immunol Res.
2014;2014:987285. doi:10.1155/2014/987285.

Curr Hypertens Rep (2016) 18: 87 Page 21 of 21 87

http://dx.doi.org/10.1007/s11906-012-0272-9
http://dx.doi.org/10.1016/j.ijcard.2014.09.204
http://dx.doi.org/10.1161/CIRCGENETICS.110.958363
http://dx.doi.org/10.1161/CIRCGENETICS.110.958363
http://dx.doi.org/10.1074/jbc.M110.10782
http://dx.doi.org/10.1074/jbc.M110.10782
http://dx.doi.org/10.1016/j.molcel.2010.06.010
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://dx.doi.org/10.1371/journal.pone.0013515
http://dx.doi.org/10.1093/cvr/cvs007
http://dx.doi.org/10.1093/cvr/cvs007
http://dx.doi.org/10.1073/pnas.1014194107
http://dx.doi.org/10.1016/j.celrep.2014.07.035
http://dx.doi.org/10.1038/srep19884
http://dx.doi.org/10.1016/j.cellsig.2011.03.013
http://dx.doi.org/10.1186/s13148-015-0083-3
http://dx.doi.org/10.1186/s13148-015-0083-3
http://dx.doi.org/10.1038/emboj.2012.183
http://dx.doi.org/10.1373/clinchem.2012.195776
http://dx.doi.org/10.1373/clinchem.2012.195776
http://dx.doi.org/10.1016/j.bbrc.2010.07.008
http://dx.doi.org/10.1155/2014/987285

	Role of MicroRNA in Endothelial Dysfunction and Hypertension
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Endothelial Dysfunction and Hypertension
	Renin-Angiotensin-Aldosterone-System and Endothelial Dysfunction
	Reactive Oxygen Species Production and Nitric Oxide Release Influencing Endothelial Dysfunction
	Inflammation and Endothelial Dysfunction
	Defective Angiogenesis and Endothelial Dysfunction

	MicroRNAs and Endothelial Dysfunction in Relation to Hypertension
	MicroRNA Biogenesis and Function
	MicroRNAs in Endothelial Cell Biology
	MicroRNA in Hypertension-Associated Endothelial Dysfunction
	MicroRNAs and Renin-Angiotensin-Aldosterone-System
	MicroRNAs Modulating Nitric Oxide Release
	MicroRNAs Controlling Oxidative Stress
	MicroRNA Function in Vascular Inflammation
	MicroRNA Function in Vascular Angiogenesis
	MicroRNAs as Mediators of Intercellular Communication

	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



